g 8 R I fiO  V OV  CV 


RADC-TR-77-422 
Final  Technical  Report 
December  1977 


CCD  SIGNAL  PROCESSOR  STUDY 

Lloyd  W.  Martinson 
Brian  P.  Gaffney 
Gerard  J.  Mayer 


Approved  for  public  release;  distribution  unlimited. 


ROME  AIR  DEVELOPMENT  CENTER 

Air  Force  Systems  Command 

Griff iss  Air  Force  Base,  New  York  13441 


Ibis  report  contains  a large  percentage  of  machine-produced  copy 
which  is  not  of  the  highest  printing  quality  but  because  of  economical 
consideration,  it  was  determined  in  the  best  interest  of  the  government 
that  they  be  used  in  this  publication. 

This  report  has  been  reviewed  by  the  RADC  Information  Office  (01)  and  is 
releasable  to  the  National  Technical  Information  Service  (NTIS) . At  NTIS  it 
will  be  releasable  to  the  general  public,  including  foreign  nations. 

RADC-TR-77-422  has  been  reviewed  and  is  approved  for  publication. 


WILLIAM  LEE  SIMKINS,  JR. 
Project  Engineer 


Technical  Director 
Surveillance  Division 


I 

I 

i 

i 


FOR  THE  COMMANDER 


JOHN  P.  HUSS 


Acting  Chief,  Plans  Office 


If  your  address  has  changed  or  if  you  wish  to  be  removed  from  the  RADC  mailing 
list,  or  if  the  addressee  is  no  longer  employed  by  your  organization,  please 
notify  RADC  (OCTS)  Griff iss  AFB  NY  13441.  This  will  assist  us  in  maintaining 
a current  mailing  list. 

Do  not  return  this  copy.  Retain  or  destroy. 


r 


I 

1. 


I 


I 

I 

j 


UNCLASSIFIED 


security  classification  of  this  page  rl«l»n  0«l«  Fnitrrd) 


u 


u 


m 


^REPORT  DOCUMEN/ATION  PAGE 


READ  INSTRUCTIONS 
BEFORE  COMPLETING  FORM 


2 GOVT  ACCESSION  NO.  3 RECIPIENT’S  CATALOG  NUMBER 


RADCfff^77-422 


CCD  SIGNAL  PROCESSOR  STUDY/ 


/ 


I vnt  ur  BfTiSTfT  & P* 

Final 
May  May'»77 


OP  S5p6ftT  & 

-technical Report  ^ 


ewETT" 


A Bgnrnwilllll  J LlWB.nEPQRT^MBER 


7 AUTHORf*; 


Lloyd  W.Xliii^tinson , Brian  P.^affuey^ 
Gerard  J^^^ayer 


f 


PERFoSIIn^^RGANIZATiON  NAME  AN^  AOOflESS 

RCA/Governraent  .mil  Uiiiiiuieri'.ial  SystemL 


Missile  and  Surface  Radar  Division  w r^  j ^(3 
Monrogfriun  N.T  flSQS? _Z 


CONTRACT  OR  GRANT  NUMBERCf; 


}6ej^2-76-C-^28^l 


10.  PROGRAM  ELEMENT,  PROJECT.  TASK 
AREA  a WORK  UN 


62702F 


1 I.  CONTROLLING  OFFICE  NAME  AND  ADDRESS 

Rome  Air  Development  Center  (OCTS) 
Griff iss  AFB,  New  York  13441 


u.  MONITORING  A 


Same 


di//er»nf  from  Controlling  OH\c9) 


_314  

IS.  security  class,  (ot  tbin  report; 
UNCLASSIFIED 


15e.  declassification  DOWNGRADING 
SCHEDULE 


N/A 


<6.  distribution  statement  (oi  thin  Report) 

Approved  for  release;  distribution  unlimited. 


17.  DISTRIBUTION  STATEMENT  (ot  the  mbstrmct  entered  In  Block  “*0,  It  different  fron:  Heport) 

Same 


18.  Supplementary  notes 

Project  Engineer:  William  L.  Simkins  (OCTS) 


19  KEY  WORDS  (Continue  oti  reverse  side  if  necessary  and  identify  by  block  number) 


Charge  Coupled  Devices,  Signal  Processing,  Radar,  Satellite,  Surveillance, 
Matched  Filters,  Coherent  Integrators,  Spectrum  Analyzers,  Slgnal-to  -Noise 
Ratio,  Dynamic  Range,  Sidelobes,  Computer  Simulation,  Performance  Level, 
Delay  Lines,  Storage,  Corner  Turning  Memorie.s,  Bandwidth,  Programmability. 


ABSTRACT  (Continue  on  reverse  side  11  necessary  and  identify  by  block  number) 

This  report  presents  the  results  of  a study  of  the  application  of  charge 
coupled  devices  (CCD's)  to  radar  signal  processing  systems.  The  particular 
radar  problem  considered  was  the  detection  of  satellites  at  ranges  of  up  to 
25,000  NM.  A CCD  baseline  design  and  tradeoffs  aie  given  for  this  problem. 

CCD  devices  were  characterized  in  sufficient  detail  to  construct  an  accurate 
computer  simulation  of  their  operation.  The  simulation  included  all  known 
noise  effects  in  CCD's  in  addition  tc  the  basic  functional  properties  such  as. 


DD  , 


FORM 
;AN  73 


1473 


EDITION  OF  1 NOV  65  |S  OBSOLt  TE 


UNCLASSIFIED 


tCUR'TV  CLASSIFICATION  OF  THIS  PAGE  fM?irn  n«f«  F.nte, 


UNCLASSIFIED 


SECURtTY  CLASSIFICATION  OF  THtS  PAGEfWTi»n  Dmtm  Etttmrmd) 


charge  transfer  inefficiency  and  dark  current.  Delay  line  and  matched 
filter  configurations  were  then  synthesized  from  the  CCD  model  and  perform- 
ance of  various  CCD  subsystems  ascertained  as  CCD  parameters  were  varied. 
Parameter  variations  included  CCD  length,  clock  rate,  gate  size,  tapped 
weight  accuracy,  charge  transfer  inefficiency,  and  temperature.  Results 
ate  presented  relating  study  results  to  achievable  performance  for  various 
signal  processing  subsystems.  Programmability,  bandwidth  limitations, 
sldelobe  levels,  dynamic  range  and  signal-to-noise  considerations  are 
addressed. 


PREFACE 


This  report  was  prepared  by  RCA/Government  and  Commercial  Systems  Division, 
Missile  and  Surface  Radar,  Moorestown,  NJ  under  USAF  contract  F30602-76-C- 
0280,  Project  4506,  Task  01  in  response  to  contract  item  A002 . This  work 
was  administered  under  the  direction  of  Rome  Air  Development  Center,  OCTS, 
W.  Slmkins,  Project  Engineer. 

Contributions  to  this  final  technical  report  were  made  by  F.P.  Papasso  and 
G.R.  Stevens  in  addition  to  the  listed  authors. 


TABLE  OF  CONTENTS 


SECTION 


PAGE 


I 

f 

[ 


I INTRODUCTION  1 

II  PROGRAM  SUMMARY  3 

2.1  STUDY  GOALS  AND  APPROACH  3 

?. 1 .1  Study  Goals  3 

2. 1 . 1 . 1 Objective 3 

2. 1.1.2  Background  3 

2.1.1  3 Specific  Areas  of  Study 3 

2.1.2  Study  Approach  4 

2. 1.2.1  Study  Elements  4 

2. 1.2. 2 General  CCD  Signal  Processing  Applications  5 

2.2  BASELINE  RADAR  SIGNAL  PROCESSOR  5. 

2.2.1  Radar  System  Parameters  5 

2.2.2  Baseline  CCD  Signal  Processor  5 

2.3  CCD  CHARACTERISTICS 8 

2.3.1  Signal  Sample  Storage  15 

2.3.2  Transfer  Inefficiency  15 

2.3.3  CCD  Noise  Sources 15 

2.3.4  Dark  Current 15 

2.3.5  CCD  Input  Sampling 15 

2.3.6  Dynamic  Range 16 

2.3.7  Signal  Isolation  Between  Cells  16 

2.3.8  CCD  Summary  Characteristics  16 

2.4  CCD  SIMULATION 16 

2.5  CCD  SIMULATION 17 

2.5.1  General  Conclusions  17 

2.5.2  CCD  Programmability 18 

2.5.3  CCD  Bandwidth  Limitations 18 

2.5.4  Post  Processing  Functions 20 

2.5.5  On-Chip  CCD  Controls 20 

2.5.6  Sub-System  Performance  Levels  20 

2.5.7  CCD  Cost/Performance  Tradeoffs  25 

2.6  RECOMMENDATIONS 25 

2.6.1  Device  Developments  25 

2.6.2  Analysis 28 

2.6.3  Subsystem-System  Development  28 

III  RADAR  SYSTEM  AND  SIGNAL  PROCESSING  REQUIREMENTS  29 

3.1  RADAR  PARAMETERS  29 

3.1.1  Long  Range  Radar  System  Requirements  29 

3.1.2  Radar  System  Considerations  30 

3. 1.2.1  Satellite  Orbits  32 

3. 1.2. 2 Satellite  Velocity  Limits  32 

3. 1.2. 3 Radar  Power  Management  34 

3.1 .2.4  Range  Walk 34 

3. 1.2. 5 Ionospheric  Dispersion  34 

3. 1.2. 6 Faraday  Rotation  36 

3. 1.2. 7 Clutter  Considerations  36 

3.2  SIGNAL  PROCESSING  FUNCTIONS  36 

3.2.1  Sampled  Data  Characteristics  36 

3. 2. 1.1  Sampling  of  Real  Low  Pass  Signals 36 


i V 


1 


TABLE  OF  CONTENTS  (CONTINUED) 


SECTION 


PAGE 


3. 2. 1.2 

3.2.2 

3.2.3 

3.3 

3.3.1 

3. 3. 1.1 

3. 3. 1.2 

3.3.2 

3. 3. 2.1 

3. 3. 2. 2 
3.3.3 

3.3.3. 1 

3. 3. 3. 2 

3. 3. 3. 3 

3.3.4 

3. 3.4.1 

3. 3. 4. 2 

3. 3.4. 3 

3.4 

3.4.1 

3.4.2 

3. 4. 2.1 

3. 4. 2. 2 

3.4.3 

3.4.4 

3.4.5 

3.4. 5.1 

3. 4. 5. 2 

3.4. 5. 3 

3.4. 5.4 
IV 

4.1 

4.1.1 

4.1.2 

4.1.3 
4.2 

4.2.1 

4.2.2 

4.2.3 

4.3 

4.3.1 

4.3.2 

4.3.3 
4.4 

4.4.1 

4.4.2 

4.4.3 

4.4.4 

4.4.5 


Complex  Signal  Sampling  38 

Signal  Processing  Functions  41 

Parameter  Ranges  of  Key  Signal  Processing  Elements  ...  41 

CCD  SIGNAL  PROCESSING  IMPLEMENTATIONS  41 

Pulse  Compression 45 

Tapped  Delay  Line  Pulse  Compression  Filters  45 

Matched  Filtering  Using  Spectral  Multiplication  46 

Corner  Turning  Bulk  Memory  Storage  48 

Serpentine  Bulk  Memory  48 

Multiplexed  CCD  Memory  Cells  50 

Spectral  Analysis  50 

Chirp-Z  Transform  50 

Delay  Line  Time  Compressor  (DELTIC)  Spectrum  Analyzer  . . 54 

Stored  Coefficient  CCD  Spectrum  Analyzer  54 

Extended  Time  Bandwidth  Applications  54 

Step  Transform  (Sub-Aperture)  Technique  59 

Extended  TW-CZT  59 

Sub-Aperture  Convolution  59 

BASELINE  CCD  SIGNAL  PROCESSOR  65 


Baseline  System  Approach  65 

Waveforms  for  the  Baseline  System  67 

First  Step  Waveform 68 

Second  Step  Waveform 68 

First  Step  Process 68 

Second  Step  Detection  Process  72 

Baseline  Processor  Requirements  and  Implementation  ...  73 

Input  Doppler  Filtering  73 

Corner  Turning  - Bulk  Memory 77 

Pulse  Compression 77 

Coherent  Integration  77 

CCD  CHARACTERISTICS 83 

CCD  OPERATING  PRINCIPLES  83 

Background 83 

Basic  CCD  Operation 83 

Physical  Description  84 

SIGNAL  SAMPLE  STORAGE  90 

Description 90 

Typical  Parameters  91 

Simulation  - Model  92 

TRANSFER  EFFICIENCY  AND  BACKGROUND  CHARGE  93 

Description 93 

Typical  Parameters  93 

Simulation  - Model  94 

NOISE  SOURCES 96 

Transfer  Noise  96 

Thermal  Shot  Noise 97 

Trap  Noise 97 

Input  Noise 98 

Output  Noise 99 


V 


TABLE  OF  CONTENTS  (CONTINUED) 


SECTION  PAGE 

4.4.6  Miscellaneous  Noise 99 

4.4.7  Simulation  - Model  99 

4.5  DARK  CURRENT 100 

4.5.1  Description 100 

4.5.2  Simulation  - Model  102 

4.5.3  Reduction  of  Dark  Current 103 

4.5.4  Radiation  Effects  103 

4.6  CCD  INPUT  SAMPLING 105 

4.6.1  Input  Structure  and  Linearity  105 

4.6.2  Sampling  Aperture  105 

4.6.3  CCD  Inout  Model 196 

4.7  DYNAMIC  RANGE 108 

4.8  TAP  WEIGHT  ACCURACY 108 

4.9  SIGNAL  ISOLATION  109 

4.9.1  Potential  Well  Isolation 109 

4.9.2  Input-Output  Feedthrough  109 

4.9.3  Clock  Feedthrough  109 

1.10  PATTERN  NOISE 110 

4.10.1  Dark  Current  Variation  Within  CCD  110 

4.10.2  Pattern  Noise  From  Device  to  Device  110 

4.11  CCn  CHARACTERISTICS  - SUMMARY 110 

GLOSSARY  01  CCD  TERMS 114 

V SIMULATION  DEVELOPMENT  117 

5.1  SIMULATION  SOFTWARE  ORGANIZATION  117 

5.2  SIMULATION  OPERATIONAL  CAPABILITIES  135 

VI  SIMULATION  RESULTS  137 

6.1  DELAY  LINE  TESTS  - STORAGE  AND  CONTINUOUS  MODES  137 

6.1.1  Effects  of  Charge  Transfer  Iriefficiencies  on  Device 

Non-Linearities  137 

6.1.2  Non-Linear  Effects  of  Dark  Current 137 

6.1.3  Delay  Line  In  Storage  Mode 140 

6.1.4  Delay  Line  In  Continuous  Mode 140 

6.1.5  Number  of  Stages,  Temperature  and  Clock  Rate 145 

6.2  LINEAR  FM  MATCHED  FILTER  SIMULATIONS  145 

VII  CCD  COST/PERFORMANCE  IMPLEMENTATION  PROJECTIONS  195 

7.1  PROGRAMMABILITY  - ADAPTIVE,  FLEXIBLE  WAVEFORM  PROCESSING.  195 

7.1.1  Objectives  of  Programmability  195 

7.1.2  Programmability  With  CCD's 195 

7.2  BANDWIDTH  LIMITATIONS  198 

7.2.1  CCD  Bandwidth  Limitations 199 

7.2.2  Clock,  Control  and  Packaging  Considerations  199 

7.3  POST  PROCESSING  FUNCTIONS 200 

7.3.1  Processing  Rate  Requirements  200 

7.3.2  Interpolation 200 

7.3.3  CFAR  Processing 202 

7.4  PRACTICAL  CCD  IMPLEMENTATIONS  203 

7.4.1  Peripheral  CCD  Circuitry 203 

7.4.2  On-Chip  CCD  Controls 206 

7.5  IMPACT  OF  CCD  ON  NON-CCD  PROCESSOR  COMPONENTS  208 


vi 


SECTION 

7.6 

IJ 


LIST  OF  ILLUSTRATIONS 


FIGURE  PAGE 

1 CCD  Signal  Processor  Study  Elements  4 

2 Generalized  Radar  Signal  Processing  Functions  6 

3 Radar  Signal  Processing  System  9 

4 Technology  Categories  26 

5 Technology  Cost  Trends  27 

6 Satel 1 ite  Orbit  33 

7 Maximum  Velocity  Profile  For  A Satellite  35 

8 Basic  Sampled  Data  Characteristics  37 

9 Baseband  Converter  39 

10  Noise  Aliasing  Due  To  Sampling 40 

11  Generalized  Radar  Signal  Processing  Functions  42 

I 12  Radar  Signal  Processing  System  44 

13  Tapped  Delay  Line  Matched  Filter  45 

14  Split  Gate  CCD  Weighting  Technique  With  3-Phase  Clocking  . . 46 

15  Illustration  of  Convolution  by  Spectral  Domain 

Multiplication  with  Sampled  Data 47 

16  CCD  Spectral  Multiplication  Matched  Filter  48 

17  Serpentine  Bulk  Memory 49 

18  Simple  Multiplexing  Bulk  Store  51 

19  Bulk  Memory  Using  Multiple  Laram  52 

20  Chirp-Z  DFT  Concept 53 

21  Processing  Steps  of  the  Chirp  Z-Transform  54 

22  Functional  Diagram  of  the  Chirp  Z-Transform  55 

23  Circular  Convolution  Technique  56 

24  CCD  Chirp  Z-Transform  (CZT)  57 

25  Delay  Line  Time  Compressor  (DELTIC)  Spectrum  Analyzer  ....  58 

26  Stored  Coefficient  CCD  Spectrum  Analyzer  58 

27  Step  Transform  LFM  Pulse  Compression  Processing  60 

28  Functional  Block  Diagram  of  CCD  Steo  Transform  Processor  . . 61 

29  CCD  Reorder  Memory 62 

30  24,000  Point  Chirp  Z-Transform  63 

31  Sub-Aperture  Convolution  64 

32  Implementation  of  Sub-Aperture  Convolution  66 

33  Suimary  of  Baseline  Waveforms 67 

34  First  Step  Waveform  Characteristics  69 

35  Spectrum  of  a Pulse  Train 70 

36  First  Step  Detection  Process  71 

37  Second  Step  Detection  Process  74 

38  Low  Frequency  IF  Input  Filtering 76 

39  I/Q  Baseband  Sampling  with  I/Q  Filters 78 

40  Charge  Transfer 85 

41  Two-Phase  Clock  Charge  Transfer  86 

42  Cross  Section  of  Surface  Channel  CCD  86 

43  Cross  Section  of  Buried  Channel  CCD  87 

44  CCD  (Top  View) 88 

45  Split-Gate  CCD 89 

46  Charge  Transfer  Inefficiency  Versus  Background  Charge  ....  95 

47  Dark  Current  Density  as  a Function  of  Temperature 102 

48  Dark  Current  Density  and  Electrons  Per  Well  Versus 

Temperature  and  Clock  Frequency  


vi  i i 

L ^ 


104 


LIST  OF  ILLUSTRATIONS  (CONTINUED) 


FIGURE 


PAGE 


50 

51 

52 

53 

54 

55 

56 

57 

58 

59 

60 
61 

62 

63 

64 

65 

66 

67 

68 

69 

70 

71 

72 

73 


Typical  CCD  Input  Structu>^e 

Measured  Input  Transfer  Ciiaracteristics 

CCD  Channel  Isolation  

Block  Diagram  of  Overlay  Structure  for  Simulation  Model  of 

Delay  Line  and  Tapped  Delay  Line  

Block  Diagram  of  Linear  FM  Matched  Filter  

Block  Diagram  of  Overlay  Structure  for  Simulation  Model  of 

Linear  FM  Matched  Filter  

Amplitude  Versus  Clock  Rate  of  the  Output  of  a CCD  Delay 
Line  with  a Sinusoidal  Input  for  a Large  Charge  Transfer 

Inefficiency  (CTI  = 0.001)  

Amplitude  Versus  Clock  Rate  of  the  Output  of  a CCD  Delay 
Line  with  a Sinusoidal  Input  with  Dark  Current  Build-Up  . . 
Mean  Value  of  Output  Noise  Normalized  to  Full  Well  Versus 

Temperature  for  a CCD  Delay  Line  in  Storage  Mode  

Variance  of  the  Output  Noise  Versus  Storage  Time  Versus 

Temperature  for  a CCD  Delay  Line  in  Storage  Mode  

Mean  Value  of  Output  Noise  Normalized  to  Full  Well  Versus 
Temperature  Versus  Clock  Rate  for  a CCD  Delay  Line  in 

Continuous  Mode  

Variance  of  Output  Noise  Versus  Temperature  Versus  Clock 

Rate  for  a CCD  Delay  Line  in  Continuous  Mode  

Mean  Value  of  Output  Noise  Normalized  to  Full  Well  Versus 
the  Number  of  Stages  and  Clock  Rate  for  a CCD  Delay 

Line  in  Continuous  Mode  

Variance  of  Output  Noise  Versus  the  Number  of  Stages  and 
Clock  Rate  for  a CCD  Delay  Line  in  Continuous  Mode  . . . . 

Block  Diagram  of  Linear  FM  Matched  Filter  

Sidelobe  Level  of  Linear  FM  Matched  Filter  Versus 

Temperature  and  Clock  Rate  

Sidelobe  Level  of  a Linear  FM  Matched  Filter  Versus 

Coefficiency  Inaccuracy  

Output  Amplitude  of  Linear  FM  Matched  Filter  Versus  Time 
For  Clock  Rate  of  100  Hertz  and  Temperature  of  -55  C . . . 
Output  Amplitude  of  Linear  FM  Matched  Filter  Versus  Time 
For  Clock  Rate  of  100  Hertz  and  Temperature  of  -25  C . . . 
Output  Amplitude  of  Linear  FM  Matched  Filter  Versus  Time 
For  Clock  Rate  of  100  Hertz  and  Temperature  of  +5‘'C  . . . . 
Output  Amplitude  of  Linear  FM  Matched  Filter  Versus  Time 
For  Clock  Rate  of  100  Hertz  and  Temperature  of  +35'’C  . . . 

Output  Amplitude  of  Linear  FM  Matched  Filter  Versus  Time 
For  Clock  Rate  of  100  Hertz  and  Temperature  of  -^65°C  . . . 

Output  Amplitude  of  Linear  FM  Matched  Filter  Versus  Time 
For  Clock  Rate  of  100  Hertz  and  Temperature  of  +95'’C  . . . 

Output  Amplitude  of  Linear  FM  Matched  Filter  Versus  Time 
For  Clock  Rate  of  100  Hertz  and  Temperature  of  +125T,  . . . 
Output  Amplitude  of  Linear  FM  Matched  Filter  Versus  Time 
For  Clock  Rate  of  300  Hertz  and  Temperature  of  -55"C  . . . 


105 

107 

109 

118 

119 

120 

138 

139 

141 

142 

143 

144 

147 

148 

149 

150 

151 

152 

153 

154 

155 

156 

157 

158 

159 


IX 


LIST  OF  ILLUSTRATIONS  (CONTINUEU) 


FIGURE  PAGE 

74  Output  Amplitude  of  Linear  FM  Matched  Filter  Versus  Time 

For  Clock  Rate  of  300  Hertz  and  Temperature  of  -25  C . . . 160 

75  Output  Amplitude  of  Linear  FM  Matched  Filter  Versus  Time 

For  Clock  Rate  of  300  Hertz  and  Temperature  of  +5  C ...  161 

76  Output  Amplitude  of  Linear  FM  Matched  Filter  Versus  Time 

For  Clock  Rate  of  300  Hertz  and  Temperature  of  +35  C . . . 162 

77  Output  Amplitude  of  Linear  FM  Matched  Filter  Versus  Time 

For  Clock  Rate  of  300  Hertz  and  Temperature  of  +65  C . . . 163 

78  Output  Amplitude  of  Linear  FM  Matched  Filter  Versus  Time 

For  Clock  Rate  of  300  Hertz  and  Temperature  of  +95  C . . . 164 

79  Output  Amplitude  of  Linear  FM  Matched  Filter  Versus  Time 

For  Clock  Rate  of  300  Hertz  and  Temperature  of  +125  C . . 165 

80  Output  Amplitude  of  Linear  FM  Matched  Filter  Versus  Time 

For  Clock  Rate  of  10,000  Hertz  and  Temperature  of  -55  C . 166 

81  Output  Amplitude  of  Linear  FM  Matched  Filter  Versus  Time 

For  Clock  Rate  of  10,000  Hertz  and  Temperature  of  -25  C . i6'/ 

82  Output  Amplitude  of  Linear  FM  Matched  Filter  Versus  Time 

For  Clock  Rate  of  10,000  Hertz  and  Temperature  of  +5  C . . 158 

83  Output  Amplitude  of  Linear  FM  Matched  Filter  Versus  Time 

For  Clock  Rate  of  10,000  Hertz  and  Temperature  of  +35  C . 169 

84  Output  Amplitude  of  Linear  FM  Matched  Filter  Versus  Time 

For  Clock  Rate  of  10,000  Hertz  and  Temperature  of  +65  C . 170 

85  Output  Amplitude  of  Linear  FM  Matched  Filter  Versus  Time 

For  Clock  Rate  of  10,000  Hertz  and  Temperature  of  +95  C . 171 

86  Output  Amplitude  of  Linear  FM  Matched  Filter  Versus  Time 

For  Clock  Rate  of  10,000  Hertz  and  Temperature  of  +125  C . 172 

87  Output  Amplitude  of  Linear  FM  Matched  Filter  Versus  Time 

For  Clock  Rate  of  30,000  Hertz  and  Temperature  of  -55  C . 173 

88  Output  Amplitude  of  Linear  FM  Matched  Filter  Versus  Time 

For  Clock  Rate  of  30,000  Hertz  and  Temperature  of  -25  C . 174 

89  Output  Amplitude  of  Linear  FM  Matched  Filter  Versus  Time 

For  Clock  Rate  of  30,000  Hertz  and  Temperature  of  +5  C . . 175 

90  Output  Amplitude  of  Linear  FM  Matched  Filter  Versus  Time 

For  Clock  Rate  of  30,000  Hertz  and  Temperature  of  +35  C . 176 

91  Output  Amplitude  of  Linear  FM  Matched  Filter  Versus  Time 

For  Clock  Rate  of  30,000  Hertz  and  Temperature  of  +65  C . 177 

92  Output  Amplitude  of  Linear  FM  Matched  Filter  Versus  Time 

For  Clock  Rate  of  30,000  Hertz  and  Temperature  of  +95  C . 178 

93  Output  Amplitude  of  Linear  FM  Matched  Filter  Versus  Time 

For  Clock  Rate  of  30,000  Hertz  and  Temperature  of  +125  C . 179 

94  Output  Amplitude  of  Linear  FM  Matched  Filter  Versus  Time 

For  Clock  Rate  of  300,000  Hertz  and  Temperature  of  -55  C . 180 

95  Output  Amplitude  of  Linear  FM  Matched  Filter  Versus  Time 

For  Clock  Rate  of  300,000  Hertz  and  Temperature  of  -25  C . 181 

96  Output  Amplitude  of  Linear  FM  Matched  Filter  Versus  Time 

For  Clock  Rate  of  300,000  Hertz  and  Temperature  of  +5  C . 182 

97  Output  Amplitude  of  Linear  FM  Matched  Filter  Versus  Time 

For  Clock  Rate  of  300,000  Hertz  and  Temperature  of  +35  C . 183 


X 


LIST  OF  ILLUSTRATIONS  (CONTINUED) 

FIGURE  PAGE 

98  Output  Amplitude  of  Linear  FM  Matched  Filter  Versus  Time 

For  Clock  Rate  of  300,000  Hertz  and  Temperature  of  +65° C . 184 

99  Output  Amplitude  of  Linear  FM  Matched  Filter  Versus  Time 

For  Clock  Rate  of  300,000  Hertz  and  Temperature  of  +95'''C  . 185 

100  Output  Amplitude  of  Linear  FM  Matched  Filter  Versus  Time 

For  Clock  Rate  of  100  Hertz  and  CTI  = 0.1  186 

101  Output  Amplitude  of  Linear  FM  Matched  Filter  Versus  Time 

For  Clock  Rate  of  100  Hertz  and  CTI  = 0.01 187 

102  Output  Amplitude  of  Linear  FM  Matched  Filter  Versus  Time 

For  Clock  Rate  of  100  Hertz  and  CTI  = 0.001  188 

103  Output  Amplitude  of  Linear  FM  Matched  Filter  Versus  Time 

For  Clock  Rate  of  1 ,000  Hertz  and  CTI  = 0.1  189 

104  Output  Amplitude  of  Linear  FM  Matched  Filter  Versus  Time 

For  Clock  Rate  of  1,000  Hertz  and  CTI  = 0.01 190 

105  Output  Amplitude  of  Linear  FM  Matched  Filter  Versus  Time 

For  Clock  Rate  of  1 ,000  Hertz  and  CTI  = 0.001  191 

106  Output  Amplitude  of  Linear  FM  Matched  Filter  Versus  Time 

For  Clock  Rate  of  10,000  Hertz  and  CTI  = 0.1 192 

107  Output  Amplitude  of  Linear  FM  Matched  Filter  Versus  Time 

For  Clock  Rate  of  10,000  Hertz  and  CTI  = 0.01  193 

108  Output  Amplitude  of  Linear  FM  Matched  Filter  Versus  Time 

For  Clock  Rate  of  10,000  Hertz  and  CTI  = 0.001 194 

109  Conceptual  CCD  Charge  Tap  196 

110  Target  Straddling  with  Sampled  Data  System  202 

111  Straddling  Loss  Versus  Sampling  Rate  for  Hamming  Weighted 

Compressed  Linear  FM  Pulse  of  Bandwidth,  B 203 

112  4-Point  Polynomial  Interpolator  204 

113  Variable  Threshold  Environment  205 

114  Typical  CFAR  Implementation  205 

115  Layout  of  CMOS/CCD  Test  Chip 207 

116  CCD  - Analog  - Digital  Interface 209 

117  Technology  Categories  213 

118  Technology  Cost  Trends 214 


XT 


LIST  OF  TABLES 


TABLE  PAGE 

1 Parameter  Ranges  of  Signal  Processing  Functional  Elements  . . 7 

2 Baseline  Radar  Parameters  8 

3 Baseline  Subsystem  Requirements  10 

4 First  Step  Input  and  Doppler  Filtering  11 

5 Bulk  Memory  Requirements  12 

6 CCD  Parameters  for  TW  = 10,000  Pulse  Compression 

Alternatives  13 

7 Coherent  Integration  Alternatives  14 

8 Typical  Values  for  CCD  Noise  Sources  15 

9 Summary  of  Reported  CCD  Characteristics  16 

10  CCD  Simulation  Noise  Sources  17 

11  CCD  Programmability  Considerations  19 

12  Low  Frequency  Limitations  of  CCD  Delay  Lines  (Dark  Current 

Filling  20%  of  Well) 20 

13  Post  Processor  CCD  Candidates 21 

14  Expected  CCD  Delay  Line  Performance  Based  on  Measurements, 

Literature  and  Simulation  22 

15  Expected  CCD  Storage  Register  Performance  Based  on 

Measurements,  Literature  and  Simulation  23 

16  Expected  CCD  Transversal  Filter  Performance  Based  on 

Measurements,  Literature  and  Simulation  24 

17  Long  Range  Radar  Requirements  29 

18  Radar  Parameter  Bounds  29 

19  Range  Equation  Tabulation  31 

20  Baseline  Radar  Parameters  32 

21  Parameter  Ranges  of  Signal  Processing  Functional  Elements  . . 43 

22  Baseline  Subsystem  Requirements  75 

23  First  Step  Input  and  Doppler  Filtering  79 

24  Bulk  Memory  Requirements 80 

25  CCD  Parameters  for  TW  = 10,000  Pulse  Compression 

Alternatives  81 

26  Coherent  Integration  Alternatives  82 

27  Typical  Values  of  CTI 96 

28  Summary  of  Reported  CCD  Characteristics  Ill 

29  CCD  Noise  Sources  in  Simulation Ill 

30  Summary  of  Reported  CCD  Characteristics  112 

31  A Brief  Description  of  the  Subroutines  Referenced  in 

Figure  52 121 

32  A Brief  Description  of  the  Subroutine  Referenced  in 

Figure  54 123 

33  Questions  Asked  by  the  Delay  Line  and  Tapped  Delay  Line 

Simulation 125 

34  Questions  Asked  by  the  Linear  FM  Filter  Simulation  130 

35  CCD  Programmability  Considerations  197 

36  Low  Frequency  Limitations  of  CCD  Delay  Lines  (Dark  Current 

Filtering  20%  of  Wei  1 ) 199 

37  Post  Processor  CCD  Candidates 201 

38  Expected  CCD  Delay  Line  Performance  Based  on  Measurements, 

Literature  and  Simulation  210 


XT  1 


LIST  OF  TABLES  (CONTINUED) 

TABLE  page 

39  Expected  CCD  Storage  Register  Performance  Based  on 

Measurements,  Literature  and  Simulation  211 

40  Expected  CCD  Transversal  Filter  Performance  Based  on 

Measurements,  Literature  and  Simulation  212 


EVALUATION 


r 


The  CCD  Signal  Processing  Study  has  investigated  the  applications, 
capabilities,  and  limitations  of  Charge  Cotq)led  Device  (CCD)  technology 
in  long  range  radar  signal  processing  systems.  To  be  cost-effective, 
a long  range  radar  system  must  be  highly  flexible  in  terms  of  power 
budgeting  and  waveform  generation  and  processing.  New  technologies  are 
being  investigated  for  use  in  flexible  and  adaptable  signal  processors 
not  only  for  new  radar  systems  but  also  for  cost-effective  upgrading 
of  existing  systems.  This  effort  has  shown  that  CCD  technology  has 
promise  in  this  area  and  has  evaluated  the  tradeoffs  for  various  signal 
processing  applications  and  iji5)lQnentations . This  work  is  in  support  of 
TPO  RIC,  "Surveillance  Sensor  Technology". 
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1.0  INTRODUCTION 


The  rapidly  evolving  technology  of  charge  coupled  devices  (CCD's)  holds 
promise  for  substantial  reduction  in  the  size,  power  consumption  and  ultimate 
cost  of  radar  signal  processors.  The  CCD  Signal  Processor  Study,  Contract 
F3D602-76-C-0280,  had  the  overall  objective  of  ascertaining  the  capabilities 
and  limitations  of  CCD's  to  signal  processors  for  long  range  satellite 
detection  radar  systems.  A radar  system  concept  was  developed  which  used  a 
two  step  detection  process.  Initial  detection  with  coarse  range  and  doppler 
was  determined  on  the  first  step  with  high  resolution  range  and  doppler 
estimates  being  made  on  the  second  step.  The  radar  system  was  used  to  develop 
alternative  CCD  signal  processor  concepts  from  which  a baseline,  or  preferred 
approach  was  selected.  These  results  are  given  in  Section  3.0  of  the  report. 

In  the  initial  phases  of  the  program  it  was  apparent  that  a determination  of 
the  state-of-the-art  of  CCD  technology  was  necessary  for  identification  of 
realizable  CCD  parameters  in  specific  applications.  The  results  of  this 
study  together  with  internal  RCA  measurements  were  used  to  characterize  CCD 
operating  parameters  which  are  discussed  in  Section  4.0.  A detailed  computer 
simulation  of  CCD  operation  described  in  Section  5.0  was  then  constructed 
which  included  all  of  the  CCD  noise  sources  in  addition  to  the  basic  charge 
transfer  process.  The  CCD  device  was  used  as  the  building  block  for  the 
synthesis  of  more  complex  CCD  structures  such  as  on  delay  lines,  storage 
registers  and  transversal  filters.  The  performance  limitations  of  CCD's  as 
a function  of  operating  parameters  were  then  determined  by  iteration  of  the 
computer  simulation.  The  results  of  the  parameter  var'iations  are  provided 
in  Section  6.0. 

All  of  the  program  results  are  brought  together  in  Section  7.0  which 
summarizes  specific  application  and  projected  performance  of  CCD  processors. 
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2.0  PROGRAM  SUMMARY 


2.1  STUDY  GOALS*  AND  APPROACH 

2.1.1  Study  Goals 

2.1 .1 .1  Objective 

The  objective  of  this  study  was  to  determine  the  capabilities  and  limitations 
of  Charge-Coupled  Devices  (CCD's)  as  components  of  very  long  range  pulsed 
radar  signal  processing  systems. 

The  effort  on  the  program  was  to  be  primarily  theoretical  with  the  emphasis 
placed  on  the  analysis  and  simulation  of  device  and  processor  characteristics. 
Specific  orientation  was  to  be  placed  on  the  processing  of  waveforms  suitable 
for  the  very  long  ranges  and  Doppler  frequencies  involved  in  satellite  detection 
and  tracking. 

2. 1.1. 2 Background 

To  be  cost-effective  a long  range  radar  system  must  be  highly  flexible  in 
terms  of  power  budgeting  and  waveform  selection,  among  other  things.  Both  of 
these  requirements  imply  flexible  transmitters  and  sophisticated  computer 
hardware  and  software.  They  also  imply  flexible  and/or  adaptable  signal 
processing  schemes. 

Recent  studies  have  indicated  that  the  cost  of  building  new  radars  with  all 
of  the  desired  capabilities  is  probably  prohibitive.  A viable  alternative  is 
to  investigate  ways  and  means  for  updating  existing  systems.  This  approach 
will  provide  at  least  some  of  the  needed  capability,  at  reasonable  cost.  One 
way  to  increase  range  capability  is  to  improve  the  transmitter.  Another  way 
is  to  improve  receiver  and/or  signal  processing  components  or  subsystems. 

CCDs  appear  to  have  promise  in  this  area. 

2. 1.1. 3 Specific  Areas  of  Study 

The  investigation  of  the  application  of  CCDs  to  signal  processing  for  the  long 
range  radar  included  virtually  all  of  the  basic  signal  processing  functions 
for  the  extraction  of  range,  velocity  and  angle  information.  These  include: 

0 Components  - tapped  delay  lines,  integrators  and  filters. 

0 Functions  - adaptive  matched  filtering,  coherent  and  non-coherent 
integration,  correlation  and  convolution. 

0 CCD  System  Parameters  - signal  storage  or  integration  time,  signal -to- 
noise  ratio,  dynamic  range,  instantaneous  bandwidth,  insertion  and 
processing  losses,  pattern  noise  and  clock  noise,  stage  isolation, 
waveform  flexibility  or  adaptability,  CCD  imposed  constraints. 

0 Cost/Benefits  Tradeoffs. 


★ 

The  study  goals  as  given  here  are  contained  in  the  CCD  Signal  Processor 
Study  statement  of  work,  RADC  PR  No.  A-6-1063,  October  22,  1975. 
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A baseline  system  specification  was  provided  for  the  study  which  is  given  in 
Table  17  in  Section  3.0. 
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2.1.2  Study  Approach 
2 . 1 . 2 . 1 Study  Elements 

The  study  effort  elements  are  shown  in  Figure  1.  A review  of  the  long  range 
satellite  detection  radar  requirements  was  made  and  converted  to  alternative 
signal  processing  system  architectures.  These  were  then  broken  down  to 
alternative  CCD  techniques  for  each  functional  subsystem  such  as  pulse 
compression  and  spectral  filtering.  Also  feeding  into  this  effort  was  a 
review  of  the  CCD  state-of-the-art  and  the  development  of  a CCD  model  for 
computer  simulation.  Key  elements  of  the  baseline  CCD  architecture  were 
selected  for  parametric  performance  tradeoffs  with  the  CCD  simulator,  and  the 
results  provide  system  performance  levels  as  a function  of  the  CCD  parameters. 
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FIGURE  1.  CCD  SIGNAL  PROCESSOR  STUDY  ELEMENTS 
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2. 1.2. 2  General  CCD  Signal  Processing  Applications 


A broad  spectrum  of  signal  processing  functions  is  shown  in  Figure  2 together 
with  an  indication  of  which  ones  are  felt  to  be  potential  CCD  signal  processing 
applications.  In  general,  CCD's  are  suitable  for  storage  functions  and 
those  which  have  fairly  high  data  rates  and  computational  requirements  such 
as  most  types  of  filters.  Figure  2 shows  that  the  potential  applications  of 
CCD's  are  broad.  Most  of  the  given  applications  involve  delay,  storage  and 
transversal  filtering.  These  functions  are  listed  in  Table  1 with  the  range 
of  performance  parameters  which  can  be  encountered  in  current  or  developmental 
radar  systems.  This  parameter  range  is  of  course  much  larger  than  is  required 
for  a long  range  satellite  detection  radar.  It  is,  however,  useful  to  consider 
CCD  applications  from  a broader  viewpoint.  Many  of  the  requirements  which 
have  been  derived  for  the  long  range  radar  do  not  stress  the  CCD  technology. 

The  study  has  concentrated  on  the  performance  of  CCD's  in  the  basic  functional 
elements  and  these  results  can  be  applied  to  other  specific  applications  in 
addition  to  the  long  range  radar. 

2.2  BASELINE  RADAR  SIGNAL  PROCESSOR 

2.2.1  Radar  System  Parameters 

Representative  parameters  for  a long  range  satellite  detection  radar  are  given 
in  Table  2.  These  parameters  were  derived  from  the  characteristics  of 
existing  long  range  radars  and  are  thus  achievable  within  todays  technology. 

To  maximize  detection  performance  at  25,000  NM,  the  system  losses  were 
reduced  by  eliminating  range  and  doppler  si  delobe  weighting  on  receive  and 
eliminating  the  CFAR  function. 

A general  radar  signal  processing  system  is  shown  in  Figure  3 for  the  long 
range  radar.  A two  step  detection  process  was  developed  for  the  radar.  An 
uncoded  500  ysec  pulse  was  transmitted  on  the  first  step  with  sixty  to  eighty 
pulses  integrated.  On  the  second  step,  a 200  kHz  linear  FM  pulse  was  employed 
which  increased  the  range  resolution  from  40  NM  to  less  than  1.0  NM.  One 
hundred  twenty  250  psec  pulses  were  coherently  integrated  in  this  case.  These 
parameters  differ  somewhat  from  the  baseline  radar  parameters.  The  final 
baseline  parameters  were  revised  and  the  system  tradeoffs  were  completed 
with  the  given  two-step  parameters.  Any  differences  are  not  significant  in 
the  consideration  of  the  application  of  CCD  technology. 

2.2.2  Baseline  CCD  Signal  Processor 

The  signal  processing  functions  implemented  in  the  baseline  system  included 
input  doppler  filtering,  corner  turning  memory,  pulse  compression  (up  to 
10,000  to  1)  and  coherent  integration.  A number  of  CCD  implementations  for 
these  systems  were  considered  and  the  following  approaches  were  selected. 

0 Input  Doppler  Filtering  - An  approach  is  used  which  minimizes 
the  number  of  separate  CCD  doppler  channel  filter  designs  by 
using  a separate  demodulating  frequency  source  for  each  filter. 
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FIGURE  2.  GENERALIZED  RADAR  SIGNAL  PROCESSING  FUNCTIONS 
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TABLE  2. 


BASELINE  RADAR  PARAMETERS 


Peak  Power: 

Average  Power: 

Maximum  Energy/Pulse: 
Maximum  Pulse  Length: 


32  MW 
300  kW 

10000  Joules 
500  usec 


RANGE 

i PULSES 

1 INTE- 
i GRATED 

■ TARGET 
CROSS 
SECTION 

, SYSTEM 
j LOSSES 

INTE- 

GRATION 

TIME 

PRF 

PULSE 

LENGTH 

3,440 

Case 

NM 

’ 7 

1 .0  m^ 

1 

1 

1 

111  dB 

t 

.35  Sec 

20  Hz 

500  usec 

7,000 

Case 

NM 

’ 80 

1 .0  m^ 

I 

11  dB 

j 

4 Sec 

20  Hz 

500  usec 

25,000 

Case 

NM 

180 

' 12  m^ 

! 7.5  dB 

\ 

' 10  Sec 

30  Hz 

312  usec 

■ 

0 Bulk  Memory  - The  length  of  the  CCD  memories  (up  to  36,000 
samples)  ruled  against  a serpentine  design  and  dictated  an 
approach  which  employs  input  and  output  multiplexing  to 
moderate  length  CCD  memories.  The  storage  time  requirement 
of  6 seconds  or  more  for  these  memories  is  a critical 
requi rement. 

0 Pulse  Compression  - For  moderate  length  pulse  compression 
£ 500:1,  a basic  quadrature  tapped  delay  line  filter  can  be 
used.  However,  for  the  alternate  wideband  requirement  of 
10,000:1  pulse  compression  the  step  transform  algorithm  was 
most  appropriate. 

0 Coherent  Integration  - The  basic  simplicity  of  the  CCD  trans- 
versal filter  makes  the  chirp-Z  transform  technique  preferable 
for  implementing  a coherent  integration,  or  spectrum  analysis, 
function. 

The  baseline  subsystem  parameters  are  given  in  Table  3 while  the  tradeoff 
summaries  for  the  input,  bulk  corner  turning  memory,  pulse  compression  and 
coherent  integration  alternatives  are  summarized  in  Tables  4-7. 

2.3  CCD  CHARACTERISTICS 

The  CCD  physical  and  electrical  characteristics  interrelate  to  determine  the 
performance  of  the  device  in  a signal  processing  application.  In  the  analysis 
and  simulation,  electrons  per  CCD  storage  well  have  been  used  as  the  common 
measure  of  CCD  performance.  That  is,  the  maximum  signal  level  to  which  all 
other  measures  can  be  normalized  is  the  maximum  capacity  of  a storage  well  in 
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TABLE  6.  CCD  PARAMETERS  FOR  TW  = 10,000  PULSE  COMPRESSION  ALTERNATIVES 


TABLE  7.  COHERENT  INTEGRATION  ALTERNATIVES 


1 


electrons.  Similarly,  noise  sources  are  also  given  in  terms  of  rms  electrons 
and  the  maximum  dynamic  range  of  a CCD,  the  peak  signal  to  rms  noise,  can  be 
calculated  by  taking  the  ratio  of  the  well  capacity  in  electrons  to  the  total 
rms  noise  electrons.  Other  factors  will  act  to  reduce  the  operating  dynamic 
range  of  the  CCD.  These  include  charge  transfer  inefficiency,  input  sampling 
non-linearities  and  dark  current.  Dark  current  effects  are  especially  import- 
ant in  applications  which  require  charge  to  be  stored  for  extended  periods  of 
time  in  a CCD  or  moved  slowly  through  a CCD. 

2.3.1  Signal  Sample  Storage 

The  storage  capacity  of  a CCD  is  proportional  to  gate  area  and  clock  voltage. 
This  parameter,  which  determines  the  maximum  signal  dynamic  range,  varies 
from  105  to  108  electrons  for  typical  gate  areas  and  clock  voltages. 

2.3.2  Transfer  Inefficiency 

The  small  percentage  of  charge  which  is  left  behind  with  each  charge  transfer 
sets  the  CTI  or  charge  transfer  inefficiency  level.  This  varies  in  the 
general  range  from  3 x 10"4  to  2 x 10-5  with  the  buried  channel  CCD's  (BCCD) 
performing  somewhat  better  than  surface  channel  CCD's  (SCCD). 

2.3.3  CCD  Noise  Sources 

Table  8 lists  typical  values  of  rms  electrons  for  the  CCD  noise  sources 
identified  as  being  significant  in  CCD  operation. 

TABLE  8.  TYPICAL  VALUES  FOR  CCD  NOISE  SOURCES 


RMS  ELECTRONS 

0 TRANSFER  NOISE  (aCTI)  SCCD  ' 100 

BCCD  ' 20 

0 THERMAL  SHOT  NOISE  1-13 

0 TRAP  NOISE  (a  TEMPERATURE  AND  AREA)  ' 50 

0 INPUT  NOISE  (a  TEMPERATURE  AND  INPUT  TECHNIQUE)  ' 35 
0 OUTPUT  NOISE  (a  TEMPERATURE,  BANDWIDTH)  100  - 200 

2.3.4  Dark  Current 


The  dark  current  is  primarily  dependent  on  temperature  and  accumulates  in  a 
given  well  to  reduce  well  capacity.  A typical  well  will  fill  due  to  dark 
current  in  about  10  seconds  at  25°C  to  SO^C. 

2.3.5  CCD  Input  Sampling 

The  sampling  aperture  requirements  are  not  firmly  established.  If  the  CCD 
input  sampling  structure  acts  as  a true  averager  over  the  aperture  time,  the 
aperture  width  can  be  larger  than  if  a random  noise  is  introduced  as  is 


assumed  for  A/D  converter  operation.  The  input  structure  is  the  main  source 
of  non-linearity  in  CCD's  and  can  limit  the  dynamic  range  to  as  much  as 
20  dB  less  than  a full  well. 


2.3.6  Dynamic  Range 

Using  the  definition  of  dynamic  range  as  the  ratio  of  peak  signal  to  rms  noise, 
the  dynamic  range  of  a typical  CCD  delay  line  is  about  65  dB.  Dynamic  range 
will  depend  on  temperature,  bandwidth  and  clock  rate. 

2.3.7  Signal  Isolation  Between  Cells 


Signal  isolation  between  cells  is  controlled  by  potential  charge  barriers 
used  in  the  physical  construction  of  the  CCD  and  is  generally  not  a problem. 


2.3.8  CCD  Summary  Characteristics 


Table  9 summarized  CCD  characteristics  which  have  been  achieved  with  CCD 
devices. 


TABLE  9.  SUMMARY  OF  REPORTED  CCD  CHARACTERISTICS 


0 Maximum  Number  of  Stages 

910 

0 Minimum  Transfer  Inefficiency 

1 * 10"^ 

0 Maximum  Sample  Rate 

180  MHz 

0 Minimum  Dark  Current  Density 

1 .5  0 25-0 

CM'^ 

0 Maximum  Dynamic  Range 

75  dB 

0 Minimum  Harmonic  Distortion 

-45  dB 

2.4  CCD  SIMULATION 

The  CCD  simulation  was  written  in  FORTRAN  IV  using  a modular  programming 
structure  for  a PDP-11/40.  The  CCD  noise,  dark  current  and  CTI  are 
introduced  as  the  electron  packets  are  transferred  from  one  potential  well 
to  the  next.  The  CCD  noise  sources  were  modeled  as  Gaussian  noise  with 
non-standard  variances.  The  dark  current  electrons  are  added  to  each 
potential  well  as  an  average  with  a Rayleigh  distribution.  The  CCD  functions 
which  were  modeled  are  a delay  line,  tapped  delay  line  filter,  storage 
register  and  linear  FM  matched  filter.  Table  10  summarizes  the  noise 
parameters  used  in  the  simulation. 

The  CCD's  were  varied  in  their  operation  as  a function  of  clock  rate, 
temperature,  CTI,  tap  weight  error  and  number  of  stages. 


A 
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TABLE  10.  CCD  SIMULATION  NOISE  SOURCES 


NOISE  SOURCE 


Input/Output 

0 

Shot 

0 

Trap 

0 

Filter  Tap  Weights 

Weight  Value 

Transfer 

1 0 

★ 

Dark  Current 

i 

! '^gd  ^gn  ‘'gs 

VARIANCE 

DISTRIBUTION 

2K3  K T C./q^ 

Gaussian 

‘^D  ^ ^2^^  ^c 

Gaussian 

.7  K T N33  A 

Gaussian 

2 

(Percent  Error) 

Gaussian 

2 e Nj 

Gaussian 

J^/(it/2) 

Rayleigh 
(Jgg  term  only) 



* See  Section  4.5  for  expanded  equation. 

2.5  CCD  SIMULATION 
2.5.1  General  Conclusions 

Specific  device  characterization  results  are  given  in  Section  4.0  and 
simulation  results  are  provided  in  Section  6.0  and  excerpted  in  Section  7.0. 
General  conclusions  of  the  program  include  the  following  points. 

0 The  performance  capability  of  CCD  devices  provides  usable 
dynamic  ranges  of  from  50  to  70  dB  which  is  satisfactory 
for  most  applications. 

0 The  clock  rate  capability  of  up  to  10  MHz  for  surface 
channel  CCD's  and  over  100  MHz  for  buried  channel  CCD's 
provides  wide  application  potential. 

0 The  storage  time  of  CCD's  should  be  held  to  less  than  1 
second  unless  cooling  is  used  and  can  be  extended  well 
beyond  10  seconds  if  the  temperature  is  held  to  less  than 
O'C. 

0 The  simulation  program  revealed  unique  results  relative  to 
CCD  performance  in  the  presence  of  dark  current.  In  the 
operation  of  a linear  FM  matched  filter,  the  dark  current 
build-up  creates  an  output  dynamic  range  floor  which  first 
encompasses  the  region  outside  the  matched  filter  response 
followed  by  the  sidelobes  md  finally  envelopes  the  main- 
lobe  as  the  dark  current  increases. 
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0 Charge  transfer  inefficiency  (CTI)  will  be  stable  and  at  levels 
which  do  not  degrade  performance  over  the  full  clock  rate  of 
CCD  devices  provided  that  the  control  and  clock  levels  are 
properly  maintained.  In  the  event  that  the  CCD  is  operated  at 
a high  CTI,  the  bandwidth  capability  is  reduced  and  amplitude 
dispersion  of  signals  will  result. 

0 Programmability  is  a desirable  feature  to  be  incorporated  in 
CCD's  because  it  eliminates  chip  design  costs  for  special 
applications  and  can  permit  signal  processor  parameter  variations. 

0 A digital  microprocessor  rather  than  a CCD  is  most  appropriate 
for  the  post  detection  processing  functions  which  do  not  include 
delay  and  storage  and  which  do  not  operate  with  a 100%  signal 
sample  duty  factor. 

0 The  external  control  and  amplification  circuitry  in  a CCD  system 
in  large  measure  limits  the  CCD  performance  and  application. 

The  development  of  on-chip  controls  is  therefore  of  primary 
importance  and  should  be  included  in  any  new  CCD  chip  develop- 
ments. 

2.5.2  CCD  Programmability 

Table  11  lists  the  CCD  programmability  functions,  the  means  for  achieving 
them  and  the  status  of  the  technology.  The  most  important  feature  is  the 
achievement  of  electrically  programmable  weights  which  can  be  held  for 
an  extended  length  of  time  (seconds).  Industry  effort  is  being  concentrated 
on  this  area  and  some  success  has  been  reported. 

2.5.3  CCD  Bandwidth  Limitations 

There  is  both  a high  and  low  frequency  bandwidth  limitation  of  CCD's.  At 
the  high  end  they  are  limited  by  the  clock  rate  at  which  the  devices  can 
be  operated.  A useful  rule  of  thumb  is  that  surface  channel  CCD's  can  be 
operated  at  clock  frequencies  up  to  about  10  MHz  while  buried  channel  or 
peristaltic  CCD's  have  usable  clock  frequencies  beyond  100  MHz.  No 
discernible  frequency  dependent  degradation  in  performance  has  been 
measured  below  the  maximum  clock  frequencies. 

The  low  operating  frequencies  of  CCD's  are  limited  by  dark  current  which 
increases  with  temperature.  Assuming  dark  current  filling  20%  of  the  well 
as  being  the  limiting  threshold  the  maximum  storage  time  versus  temperature 
is  given  in  Table  12. 

Another  important  factor  in  the  operation  of  CCD's  at  high  frequencies  is  the 
design  of  the  peripheral  circuits  and  packaging.  The  practical  application  of 
CCD's  is  probably  limited  more  by  these  problems  at  very  high  frequencies 
than  by  basic  device  capability. 
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TABLE  12.  LOW  FREQUENCY  LIMITATIONS  OF  CCD  DELAY  LINES 
(DARK  CURRENT  FILLING  20%  OF  WELL) 


TEMPERATURE 


MAX  STORAGE  TIME  (SECONDS) 


- 55  C 

- 25  C 
+ 5 C 
+ 35  C 
+ 65  C 
+ 95  C 
+125  C 


>12  Seconds 
>12  Seconds 
>12  Seconds 
6 Seconds 
0.75  Seconds 

< 0.1875  Seconds 

< 0.1875  Seconds 


2.5.4  Post  Processing  Functions 

The  post  processing  functions  in  a radar  signal  processor  generally  refer  to 
those  following  the  basic  matched  filtering  operation.  Doppler  processing 
is  generally  considered  with  the  pulse  compression  system  since  it  forms  a 
matched  filter  for  a target  with  a specific  doppler.  Post  processing 
functions  include:  thresholding,  range  and  angle  estimation,  bulk  filtering, 
constant  false  alarm  rate  (CFAR)  processing,  interpolation,  predictors  and 
various  pattern  recognition  procedures.  Many  of  the  functions  are  identified 
in  Figure  2.  The  application  of  CCD's  is  possible  in  those  cases  where 
the  computations  can  be  pipelined.  Implementation  of  many  post  processing 
functions  with  CCD's  is  even  more  dependent  on  achieving  programmability  and 
adaptability  than  the  pre-post  processor  functions.  An  important  consideration 
relative  to  the  appropriateness  of  CCD  processing  is  the  processing  rate 
requirements  of  specific  functions  and  whether  digital  microprocessor  based 
techniques  will  ultimately  be  the  best  approach. 

Table  13  summarizes  the  principle  post  processing  functions  and  rates  CCD's 
and  microprocessors  as  to  the  most  appropriate  implementation. 

2.5.5  On-Chip  CCD  Controls 

The  feasibility  of  incorporating  on-chip  clocking  and  controls  to  CCD  devices 
has  been  demonstrated.  This  technology  step  is  a key  to  the  practical 
implementation  of  CCD's  in  many  applications.  It  is  expected  that  develop- 
ment of  on-chip  peripheral  circuitry  will  continue  and  lead  to  CCD's  with 
stable  performance  characteristics  which  will  permit  their  application  in 
the  field.  An  important  facet  of  this  is  CCD  replaceabil ity.  CCD  performance 
must  be  characterized  and  predictable  to  permit  field  replacement  without 
readjustment  of  the  operating  timing  or  control  values. 

2.5.6  Sub-System  Performance  Levels 

The  expected  performance  levels  of  the  key  CCD  elements;  delay  lines, 
memories,  and  transversal  filters  is  summarized  in  Tables  14  - 16.  These 
results  are  based  upon  measurements^ the  published  literature  and  the 
simulation.  The  simulation  results  in  Section  6 provide  a large  number  of 
specific  cases  demonstrating  the  operation  of  the  CCD  functions.  In  the 
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TABLE  15.  EXPECTED  CCD  STORAGE  REGISTER  PERFORMANCE  BASED  ON  MEASUREMENTS,  LITERATURE  AND  SIMULATION 
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1 examples  in  Section  6.0  examples  were  generally  chosen  which  show  performance 

I variation  with  a parameter  such  as  temperature.  Thus  many  examples  involve 

t low  clock  rates  and  high  temperatures  which  begin  to  show  adverse  CCD 

; performance.  Many,  if  not  most,  applications  of  CCD's  will  not  see  these 

I problems  simply  because  dark  current  will  not  be  significant. 

I Noise  figure  will  depend  upon  the  application  of  the  CCD.  We  can  consider 

I the  delay  line  case  for  an  example.  The  factor  kTB  yields  an  output  voltage 

‘ level  into  a IDDD  ohm  resistance  of  about  6.3  x lD-7  volts  for  a bandwidth 

of  IDD  kHz.  A CCD  peak  output  voltage  with  a full  well  measured  at  the 
drain  of  D.D5  volts  gives  a maximum  dynamic  range  of  98  dB  relative  to  thermal 
noise  or  about  92  dB  relative  to  receiver  noise.  Thus  the  effective  CCD 
noise  figure  is  about  1.5  dB  in  this  case  since  the  delay  line  CCD  self  noise 
is  -95  dB  relative  to  a full  well.  Dn  the  other  hand  in  those  applications 
such  as  the  storage  mode  the  operating  dynamic  range  of  the  CCD  is  severely 

i reduced  due  to  dark  current  build-up.  Thus  the  noise  figure  is  increased 

[ accordingly.  In  these  applications,  the  operating  range  of  the  system  would 

I be  set  to  minimize  system  losses  while  operating  over  the  dynamic  range. 

I Setting  the  receiver  system  noise  ID  dB  below  the  CCD  noise  level  gives  an 

effective  noise  figure  of  D.3  dB.  In  the  CCD  operation,  generally  the  CCD 
self  noise  is  greater  than  the  thermal  noise  level. 

2.5.7  CCD  Cost/Performance  Tradeoffs 

General  projections  on  CCD  system  costs  relative  to  other  technologies  can 
be  made,  but  specific  tradeoffs  will  depend  on  the  application  and  the 
competing  technology.  For  low  data  rate  applications,  microprocessor 
techniques  will  prevail  as  most  cost-effective.  As  the  data  rates  and 
processing  requirements  increase  to  the  hundreds  of  kilohertz  up  to  ID  MHz, 
CCD's  will  find  increasing  application.  Buried  channel  CCD's  operate  up  to 
i and  beyond  IDD  MHz.  Figure  4 indicates  general  speed  performance  categories 

[ for  various  technologies.  The  line  of  demarcation  between  different 

approaches  will  fluctuate  depending  on  the  specific  application.  Note  that 
every  category  of  processor  can  be  built  with  special  purpose  digital 
^ hardware.  This  involves  paralleling  at  the  very  high  rates. 

Costs  can  be  expected  to  follow  the  basic  pattern  of  Figure  5.  A standard 
implementation  using  MSI  digital  technology  will  be  relatively  low  in  cost 
but  as  the  number  of  units  to  be  constructed  increases,  the  parts  cost  will 
become  dominant.  Thus  initial  investments  in  either  LSI  or  CCD  development 
will  produce  substantial  savings  in  the  end.  Since  fewer  chip  designs  are 
required  for  CCD's  and  fewer  parts  will  be  required  in  the  system,  the  CCD 
unit  costs  will  be  lowest  for  large  volumes.  The  crossovers  of  "tDreak-even" 

[ costs  indicated  in  Figure  5 can  not  be  assumed  to  hold  in  general.  Each 

application  will  produce  a different  tradeoff. 

2.6  RECDMMENDATIDNS 

2.6.1  Device  Developments 

Dn  a device  level  programmable  features  should  be  emphasized.  A need  exists 
for  improvement  of  the  linearity  of  the  input  sampling  structure.  CCD 
clocking,  control  and  amplification  functions  should  be  incorporated  on  the 
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FIGURE  4.  TEC!  iWLOGY  CATEGORIES 


CCD  chip.  Tests  are  necessary  to  more  completely  characterize  CCD's  in  terms 
of  reliability  and  temperature  stability. 

2.6.2  Analysis 


The  CCD  sampling  process  should  be  studied  to  determine  the  required  aperture 
time  requirements  versus  performance.  This  should  be  backed  up  with  a 
measurement  program.  The  CCD  simulation  effort  on  this  program  should  be 
extended  to  include  peripheral  controls  and  amplifier  circuits. 

2.6.3  Subsystem-System  Development 

The  state-of-the-art  of  CCD's  is  presently  sufficiently  advanced  that 
prototype  or  demonstration  hardware  can  be  constructed  for  selected 
appl ications. 
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3.0  RADAR  SYSTEM  AND  SIGNAL  PROCESSING  REQUIREMENTS 


The  stated  objective  of  this  program  has  been  to  determine  the  major 
capabilities  and  limitations  of  CCD's  as  components  in  very  long  range  pulsed 
radar  signal  processors.  This  objective  has  served  as  a base  from  which  the 
application  of  CCD's  to  a broad  range  of  signal  processing  functions  can  be 
derived.  It  will  be  shown  in  this  section  that  possible  signal  processor 
subsystems  for  the  long  range  radar  applications  comprise  a representative 
set  of  the  subsystems  of  general  interest  for  wider  applications. 

3.1  RADAR  PARAMETERS 


3.1.1  Long  Range  Radar  System  Requirements 

The  contract  Statement  of  Work  lists  a set  of  radar  characteristics  for 
meeting  long  range  satellite  detection  requirements.  These  are  listed  in 
Table  17.  The  bounds  on  key  radar  parameters  of  several  long  range  radars 
currently  in  use  is  listed  in  Table  18. 

TABLE  17.  LONG  RANGE  RADAR  REQUIREMENTS 


Target  Altitude 
Target  Radial  Velocity 

Transmission  Frequency 
Target  Cross  Section 
Probability  of  Detection 

Range  Resolution 

Velocity  Resolution 
Angular  Accuracy 
False  Alarm  Probability 


100  NM  to  25,000  NM 
+ 10,000  ft/sec  to  + 35,000  ft/sec 
for  Elliptical  Orbits 
435  MHz 

1.0  Sq.  Meter  @ 435  MHz 

50%  to  90%  (3  3440  NM 

50%  @ 7000  NM,  Max.  Range  25,000  NM 

1 NM  for  Two  Targets  with  Up  to 

10  dB  Differential  Amplitude 

< + 50  ft/sec 

+ 1/10  Beamwidth 

10"6  (Assumed) 


TABLE  18.  RADAR*  PARAMETER  BOUNDS 


Peak  Power 
Average  Power 

Transmitted  Energy  Per  Pulse 
Transmission  Frequency 

PRF 

Pulse  Lengths  (Coded) 
Waveform  Bandwidths 
Range  Resolution 


1.2  MW  to  32  MW 
25  KW  to  300  KW 
2400  to  10000  Joules 
Around  435  MHz 

One  of  the  Systems  at  1300  MHz 

20  to  30  PPS 

250  usec  to  2000  psec 

500  Hz  to  5 MHz 

200  Feet  to  + 1 NM 


The  foregoing  radar  requirements  and  radar  parameter  bounds  can  be  combined 
by  use  of  the  radar  equation  to  define  a baseline  satellite  detection  radar. 
The  radar  range  equation  can  be  expressed  for  the  signal-to-noise  ratio 
(S/N)  of  a single  pulse. 


* Based  on  FPS-17,  FPS-49,  FPS-79,  FPS-80,  FPS-85 


and  Cobra  Dane. 
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The  equation  is  diagrammed  in  Table  19  to  derive  a set  of  appropriate  radar 
parameters.  The  table  indicates  that  a 1.0  square  meter  target  has  a S/N  of 
4.71  dB  for  a single  transmitted  pulse  500  usec  in  length  using  a peak  power 
of  20  MW  and  antenna  gains  of  about  42  dB.  The  S/N  required  for  Pj  = 90% 
and  Pfa  = 10"6  is  about  13  dB.  Thus  the  coherent  integration  of  7 pulses  is 
required  to  meet  the  3440  NM  range  requirement. 

At  7000  NM  the  single  pulse  S/N  is  -7.69  dB.  To  achieve  a Pd  of  0.5  with  a 
false  alarm  probability  of  10-^  requires  a S/N  of  11.2  dB.  Thus  a S/N 
enhancement  of  18.83  dB  is  required,  or  the  integration  of  78  pulses.  An 
integration  time  of  about  4 seconds  provides  the  78  pulses.  The  losses  used 
in  the  range  equation  are  estimated,  and  probably  on  the  high  side.  Thus 
the  4 seconds  of  integration  time  specified  is  more  than  adequate  for  the 
7000  NM  detection  range  and  1 square  meter  target. 


To  reach  a range  of  25,000  NM  requires  20.06  dB  more  gain  than  the  7000  NM  case. 
The  duty  factor  for  the  20  Hz  PRF  and  a pulse  length  of  500  usec  is  100  to  1. 
Thus  a peak  power  of  32  MW  matches  the  300  kW  average  power  limitation.  How- 
ever, the  energy  per  pulse  in  this  case  is  16,000  joules,  or  more  than  the 
10,000  limit  of  the  bounds  in  Table  18.  In  order  to  stay  within  the  average 
power  limitation  of  300  kW  and  the  maximum  energy  per  pulse  of  10,000  joules 
with  a 32  MW  peak  power,  the  pulse  length  must  be  312  usec  and  the  PRF 
increased  to  30  Hz.  The  only  variables  left  are  the  target  size,  losses  and 
the  number  of  pulses  integrated  unless  the  basic  radar  parameters  are  improved. 
The  loss  budget  in  the  long  range  search  mode  can  be  altered  in  the  signal 
processor.  In  the  11  dB  total  loss  budget  1.3  dB  is  typically  due  to  matched 
filter  weighting,  1.6  dB  may  be  due  to  doppler  (coherent  integrator)  filter 
weighting  and  0.6  dB  may  be  due  to  a CFAR  function  loss.  All  of  these  losses 
totalling  3.5  dB  can  be  eliminated  in  a mode  change  if  the  radar  has 
sufficient  programmability.  If  a limit  of  10  seconds  of  integration  time  is 
placed  on  the  system  due  in  part  to  dark  current  build  up  in  a CCD  storage  or 
integration  device  the  maximum  number  of  pulses  per  dwell  at  a PRF  of  30  is 
300.  This  represents  a signal  integration  improvement  over  the  78  lower  power 
longer  pulses  used  in  the  7000  NM  mode  of  5.8  dB.  Under  the  foregoing 
assumptions,  the  baseline  radar  can  detect  a target  with  a cross  section  of 
20.06  - (3.5  + 5.8)  = 10.76  dB  or  11.9  m2. 


In  summary,  the  baseline  radar  parameters  for  the  system  incorporates  the 
radar  parameter  bounds  of  Table  18.  The  overall  baseline  parameters  meeting 
the  minimum  performance  goals  at  3440  NM  and  7000  NM  are  summarized  in 
Table  20. 

3.1.2  Radar  System  Considerations 

The  baseline  CCD  signal  processor  will  be  used  for  long  range  satellite 
detection  and  tracking  radar  applications.  A basic  characteristic  of  these 
radars  is  a very  low  PRF  along  with  very  high  pulse  energy.  The  satellites 
of  interest  are  often  non-cooperative  and  in  non-powered  flight.  Thus  the 
satellite  path  will  follow  predictable  orbits. 

A signal  processor  configuration  for  these  satellite  radars  will  have 
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TABLE  19.  RANGE  EQUATION  TABULATION 


EQUATION 

( + ) 

(-) 

OUTPUT 

I PARAMETER 

SYMBOL 

VALUE 

dB 

dB 

S/N  dB 

Transmit 

Power 

(Watts) 

'’t 

A,B: 

20x1 0^ 

C:  32x1 06 

Antenna 

Gain 

(Transmit) 

Gt 

- 

1 

i Antenna 
Gain 

(Receive) 

‘^R 

" 

Wave- 
[ length 
(cm) 

69 

' Target 
. Cross 
^ Section 

1 (m2) 

,.o 

System 
j Noise 
; Factor 

NFo 

2.37 

1 Pulse 
Length 
; (Sec) 

A,B: 

500x10-° 

C:312x10-6 

1 

Range 

1 (NM) 

! 

R 

A:  3440 

B:  7000 

C;  25000 

! Losses 

J 

L 

Constant 

1.07 

TOTALS 

■A:  141.4 
jB:  153.8 
C:  175.9 


A:  189.16 
B:  201.56  . 

C:  223.66  I -2 
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TABLE  20.  BASELINE  RADAR  PARAMETERS 


Peak  Power:  32  MW 

Average  Power:  300  kW 

Maximum  Energy/Pulse:  10000  Joules 

Maximum  Pulse  Length:  500  sec 


i 

1 RANGE 

PULSES 

INTEGRATED 

TARGET 

CROSS 

SECTION 

SYSTEM 

LOSSES 

INTEGRATION 

TIME 

PRF 

PULSE 

LENGTH 

i 

1 3,440  NM 
i Case 

1 

7 i 

j 

i 1.0  m^ 

1 

dB 

.35  Sec 

1 

20  Hz 

500  ysec 

7,000  NM 
Case 

1 80 

1 

1.0  m^ 

11 

i 

1 

dB 

1 4 Sec 

j 

20  Hz 

500  ysec 

i 25,000  NM 
[ Case 

i 300 

12  m^ 

7.5dB 

1 

1 

10  Sec 

j 

30  Hz 

1 

312  ysec 

constraints  imposed  by  the  satellite  environment.  These  constraints 
include: 

1 . Satel 1 i te  Orhi ts 

2.  Satellite  Velocity  Limits 

3.  Radar  Power  Limits 

4.  Range  Resolution  Requirements 

3. 1.2.1  Satellite  Orbits  - Satellites  in  non-powered  flight  follow  an  orbit 
that  is  a conic  section  with  one  focus  at  the  earth's  center.  A simplified 
derivation  of  the  equations  of  motion  developed  by  C.  S.  Lerch  [l]  will  be 
used.  Figure  6 shows  a typical  orbit  and  gives  the  applicable  equations  of 
motion  of  this  orbit.  It  can  be  shown  that  the  maximum  range  rate  at  the 
radar  occurs  when  the  radar  is  in  the  plane  of  the  orbit  and  when  0 is  plus 
or  minus  90°.  It  follows  that: 


Rj^  = / - R^^ 

Sin  ijt  = R^/n 

The  maximum  range  rate  at  the  radar  is; 

'^RM  " '^COS  ( f Y ’J'  ) = '^siN 

3. 1.2. 2 Satellite  Velocity  Limits  - Satellites  can  have  very  elliptical 
orbits  particularly  if  the  prevention  of  detection  of  the  satellite  is  of 
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FIGURE  6.  SATELLITE  ORBIT 
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primary  concern.  Thus  a satellite  that  is  to  elude  detection  could  have  an 
apogee  that  is  well  beyond  the  skin  detection  and  tracking  range  of  radars 
and  would  speed  past  the  earth  with  a very  low  perigee.  There  are  practical 
limits  to  the  apogee  and  perigee  that  can  be  obtained.  If  the  satellite  is 
to  maintain  an  orbit  for  a large  number  of  revolutions,  the  perigee  must  be 
at  least  100  NM  above  the  surface  of  the  earth.  A maximum  value  for  the 
apogee  seems  to  be  about  60,000  NM  above  the  earth.  The  more  elliptical  the 
satellite  orbit,  the  higher  will  be  the  range  rate  at  a given  range.  The 
maximum  range  rate  at  the  radar  was  computed  as  a function  of  range  for  a 
satellite  with  an  apogee  60,000  NM  and  a perigee  of  100  NM  above  the  earth. 
These  results  are  shown  in  Figure  7.  This  satellite  has  a period  of  42.7 
hours . 

To  meet  this  worst  case  elliptical  orbit,  a satellite  radar  must  be  able  to 
detect  and  track  targets  with  range  rates  up  to  + 35,000  feet  per  second  at 
short  ranges  (100  NM).  It  must  also  be  able  to  detect  and  track  targets 
with  range  rates  up  to  + 10,000  feet  per  second  at  a range  of  25,000  NM.  A 
less  eccentric  orbit  would  obviously  provide  less  demanding  requirements  on 
the  radar. 

3. 1.2. 3 Radar  Power  Management  - A satellite  surveillance  radar  must  provide 
detection  of  targets  from  100  to  25,000  NM.  Existing  satellite  radars  can 
detect  one  square  meter  targets  at  ranges  between  2500  NM  and  3000  NM.  These 
radars  use  PRF  values  between  20  and  30  pulses  per  second  which  result  in  an 
unambiguous  range  coverage  of  2700  NM  to  4050  NM.  If  these  radars  are 
modified  using  a CCD  signal  processor,  the  same  average  radar  power  must  be 
used  to  provide  detection  at  longer  ranges.  To  increase  the  detection  range 
of  a fixed  power  radar,  the  scan  rate  must  be  reduced  to  increase  the  dwell 
time  at  a given  angle  position.  The  returns  during  these  extended  dwells 
must  be  coherently  integrated  to  provide  the  maximum  range  increase. 

Coherent  integration  over  six  seconds  (at  a PRF  of  30)  results  in  a detection 
range  increase  of  up  to  3.31  to  1.  This  would  result  in  a detection  range  of 
about  7000  NM  for  a 1 square  meter  target.  A 100  square  meter  satellite 
could  be  detected  at  25,000  NM  using  6 seconds  of  coherent  integration. 

3. 1.2. 4 Range  Walk  - For  very  long  integration  times  the  range  of  a target 
may  move  from  one  range  cell  to  another.  A satellite  at  25,000  nmi  would 
move  up  to  + 50,000  feet  or  about  + 10  NM  in  6 seconds.  An  analysis 

was  made  of  the  loss  in  S/N  with  respect  to  the  ideal  integrator  for  the  case 
in  which  no  correction  is  made  for  the  range  walk.  For  a transmission  band- 
width of  200  khz  and  a target  velocity  of  1000  ft/sec.  a 3 dB  loss  is 
incurred  for  an  integration  time  of  .68  seconds.  However,  with  range  walk 
correction,  (matching  the  movement  of  the  range  cells  to  the  target  velocity) 
a loss  of  less  than  .5  dB  will  occur  if  the  error  in  the  correction  is  250 
feet/sec  or  less.  The  range  walk  correction  is  accomplished  by  the  two  step 
detection  process  described  for  the  baseline  signal  processor  in  which  the 
doppler  frequency  obtained  on  the  first  step  is  used  as  a velocity 
correction  on  the  high  range  resolution  second  step. 

3. 1.2. 5 Ionospheric  Dispersion  - Refraction  of  UHF  frequencies  through  the 
ionosphere  are  frequency  dependent  and  vary  as  a function  of  time.  For 
wideband  waveforms  the  effect  is  akin  to  passing  the  signal  through  a filter 
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with  a non-linear  phase,  thereby  causing  signal  distortion  and  degradation 
of  the  range  estimation.  A programmable  pulse  compression  system  has  the 
capability  of  modifying  the  internal  reference  functions  so  as  to  synthesize 
a non-linear  transfer  phase.  An  approach  for  adjusting  the  reference  function 
constants  is  to  use  a known,  well  behaved,  space  object  as  a reference,  and 
manipulate  the  constants  until  the  best  range  resolution  is  obtained  (the 
narrowest  video  envelope).  The  process  must  be  performed  periodically  to 
accommodate  the  changing  dispersion  characteristics. 

3. 1.2. 6 Faraday  Rotation  - At  UHF,  the  Faraday  rotation  of  the  polarization 
vector  can  be  several  revolutions.  Thus  transmitting  and  receiving  a single 
polarization  can  result  in  large  echo  signal  loss.  It  can  be  assumed  that 
linear  polarization  is  transmitted  and  both  vertical  and  horizontal 
polarizations  are  received.  Hence  two  reference  channels  are  processed  with 
all  the  attendant  doppler  filtering  and  integration  needed  to  detect  long 
range  targets.  After  the  signal-to-noise  ratio  is  enhanced  the  signal  levels 
in  the  two  channels  are  compared  and  the  largest  used  for  detection  and  range 
estimation. 

3. 1.2. 7 Clutter  Considerations  - Earth  surface  and  weather  clutter  are 
problems  predominately  when  the  range  of  the  target  is  beyond  the  unambiguous 
range  as  determined  by  the  PRF.  For  a low  angle  search  beam  the  significant 
ground  clutter  can  extend  out  to  30  NM  and  for  rain,  which  is  normally  below 
10,000  feet,  the  return  can  extend  out  to  130  NM.  Targets  beyond  the 
unambiguous  range  of  the  radar  may  fall  in  the  clutter  region.  A simple  two 
pulse  canceller  performs  an  adequate  job  of  eliminating  the  ground  clutter. 
However,  because  of  the  motion  of  rain  clutter  a clutter-locked  cancellation 
scheme  is  required  for  attenuation  of  the  clutter. 

3.2  SIGNAL  PROCESSING  FUNCTIONS 


The  signal  processing  functions  in  a radar  generally  refer  to  those  operations 
required  to  translate  the  received  wide  bandwidth,  noisy  RF  or  IF  signals 
from  the  antenna  to  detected,  measured,  labeled  target  signals  of  low  data 
rates  suitable  for  handling  by  the  control  center.  These  functions  which 
were  historically  performed  with  analog  hardware  have  been  increasingly 
implemented  with  digital  techniques.  The  advent  of  CCD's  has  combined  the 
sampled  data  nature  of  digital  systems  with  the  continuous  amplitude  structure 
of  analog  hardware.  This  section  summarizes  the  characteristics  of  sampled 
data  systems  and  the  manner  they  are  related  to  key  signal  processing 
functions.  The  important  qualitative  and  quantitative  measures  of  signal 
processing  systems  are  discussed. 

3.2.1  Sampled  Data  Characteristics 


3. 2. 1.1  Sampling  of  Real  Low  Pass  Signals  - In  the  implementation  of 
signal  processing  systems  with  CCD's  the  analysis  and  design  must  first 
consider  the  special  requirements  of  sampled  data  systems.  A brief  overview 
of  sampled  data  systems  is  presented  as  background  to  the  development  of 
performance  characteristics  for  various  CCD  subsystem  and  systems 
configurations. 


Figure  8 depicts  the  time  waveform  and  spectrum  of  a number  of  sampled  data 
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FIGURE  8.  BASIC  SAMPLED  DATA  CHARACTERISTICS 

situations.  In  Figure  8a,  a simple  low  frequency  video  signal  with  its 
low  frequency  signal  is  shown.  A single  impulse  in  the  time  domain  produces 
a flat  frequency  spectrum.  However,  a train  of  impulse  functions  representing 
an  idealized  sampling  function  creates  a series  of  line  spectra  at 
frequencies  which  are  integral  multiples  of  the  sampling  frequency.  In 
order  to  sample  a signal  of  low  pass  bandwidth  B the  sampling  rate  must  be 
greater  than  or  equal  to  2B.  This  is  usually  referred  to  as  the  Nyquist 
sampling  criterion.  The  spectrum  of  an  ideal  sampled  real  signal  is  shown 
in  Figure  8c.  The  sampling  process  creates  sideband  replicas  of  the 
sampled  signal  about  the  harmonics  of  the  sampling  frequency. 

The  sampling  function  will  generally  not  be  ideal  but  will  have  a finite 


aperture.  This  finite  aperture  will  limit  the  frequency  content  of  the 
sampled  function.  The  line  spectrum  of  the  sampling  frequency  harmonics  will 
follow  a sin  x/x  function  in  frequency  as  indicated  in  Figure  8d.  When 
this  sampling  function  is  applied  to  a real  input  signal  the  result  will  be 
as  in  Figure  8e.  The  aperture  size  is  a primary  criterion  on  the 
performance  of  analog  to  digital  converters  and  the  same  requirements  should 
be  applied  in  the  application  of  CCD's. 

If  a signal  is  sampled  below  the  Nyquist  rate  the  effect  will  be  aliasing 
in  the  spectral  domain  as  indicated  in  Figure  8f.  The  aliasing  of  noise 
is  often  a problem  even  when  the  signal  spectrum  itself  is  adequately  covered. 

3. 2. 1.2  Complex  Signal  Sampling  - The  a''iasing  effect  is  important  when  a 
complex  signal  at  IF  is  down-converted  to  its  in-phase  and  quadrature 
components  prior  to  sampling.  The  process  is  illustrated  in  Figure  9.  In 
the  baseband  conversion  process,  if  the  input  bandpass  function  is  S(t)=A(t)  cos 
(W(-t  -t-  0(t)),  then  the  in-phase  component  can  be  recovered  by  mixing  with  the 
IF  frequency  as  follows. 

Let  I (t)  = S(t)  cos  u^t 

= [cos  (w^t  + 0(t)  + oj^t)  + cos  (u)j.t  + 0(t)  - u^t)] 

^^^^LOWPASS  FILTERED  " ^2^ 

Simi larly , 

Q(t)  = sin  0(t) 

If  S{t)  is  band  limited,  fr-7ififr  + 7 then  I(t)  and  Q(t)  are  band 
limited,  0 < f < W . ^ 

2 

If  the  amplitude  of  the  bandpass  function  A(t)  is  a Gaussian  random  variable 
and  Q{t)  is  uniformly  distributed  (0  - 2it)  then  I(t)  and  Q(t)  will  be 
independent  with  a normal  amplitude  distribution. 

Error  sources  can  occur  in  the  baseband  demodulator  which  can  degrade  system 
performance.  Quadrature  errors  are  caused  by  the  two  mixing  IF  signals  not 
being  precisely  shifted  in  phase  relative  to  each  other  by  90  degrees. 

Amplitude  and  phase  tracking  errors  and  low  pass  filter  distortion  can  also 
degrade  performance. 

One  can  calculate  the  noise  increase  from  aliasing  due  to  the  low  pass  filter 
characteristics.  An  example  is  shown  in  Figure  10  for  Butterworth  and 
elliptic  filters  employed  with  sampling  rates  close  to  Nyquist.  The  noise 
increase  varied  up  to  0.4  dB  for  Nyquist  sampling  and  0.1  dB  for  a sampling 
rate  1.1  times  Nyquist.  This  example  also  assumed  the  signal  spectrum  was 
Hamming  weighted  in  the  signal  processor.  In  this  example  a limit  was  placed 
on  the  phase  distortion  so  that  the  higher  pole  filters  which  have  higher  phase 
distortion  are  used  only  at  the  higher  sampling  rates.  The  curve  indicates  the 
regions  where  the  filters  can  be  used  without  compensation  while  supporting 
sidelobes  greater  than  40  dB  down.  It  should  be  noted  that  appropriate  phase 
compensation  will  eliminate  this  limitation. 

38 


FIGURE  9.  BASEBAND  CONVERTER 
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3.2.2  Signal  Processing  Functions 

A generalized  block  diagram  of  a radar  signal  processing  system  is  shown  in 
Figure  11.  Virtually  all  of  the  functions  listed  can  be  implemented  with 
CCD's  as  indicated  by  the  dotted  items.  If  one  extends  the  CCD  applications 
to  digital  logic  implementation,  CCD's  can  be  used  for  all  functions.  The 
functions  in  Figure  11  can  be  implemented  with  a basic  set  of  signal 
processing  elements.  These  are; 

° Delay  Elements 
° Storage  Elements 
° Integrators 

° Arithmetic  Functions  (Add,  Subtract,  Multiply,  Divide) 

° Tapped  Delay  Lines 
° Transversal  Filters 
° Recursive  Filters 
° Switches 

These  elements  can  either  be  implemented  as  part  of  a CCD  or  implemented  in 
an  analog  technique  on  a CCD  integrated  circuit.  The  primary  effort  relative 
to  CCD  performance  evaluation  for  this  study  has  been  to  identify  the  key 
functional  elements  which  are  implemented  as  CCD's  and  determine  their 
performance  as  a function  of  the  CCD  parameters  themselves.  The  performance 
level  of  a full  CCD  signal  processing  system  can  be  extrapolated  from  the 
constituent  elements. 

3.2.3  Parameter  Ranges  of  Key  Signal  Processing  Elements 

Depending  on  the  radar  application,  the  signal  processing  functions  listed 
in  Figure  11  will  have  widely  varying  requirements.  The  requirements  imposed 
on  a signal  processor  by  the  long  range  satellite  search  radar  will  not 
cover  the  full  gamut  of  potential  CCD  hardware  specifications.  Table  21 
lists  the  parameter  variations  which  may  be  encountered  in  a large  variety 
of  radar  systems.  Regardless  of  the  level  of  achievement  in  a technology 
toward  the  implementation  of  radar  signal  processing,  there  will  be  new 
applications  which  cannot  be  practically  met.  Thus,  the  bounds  given  in 
Table  21  represent  typical  requirements  rather  than  extreme.  The  application 
of  CCD's  therefore  can  bast  be  assessed  on  an  individual  case  basis.  The 
performance  level  of  CCD's  as  a function  of  basic  operational  parameters  as 
given  in  Section  6.0  will  provide  a useful  tool  in  this  assessment. 

3.3  CCD  SIGNAL  PROCESSING  IMPLEMENTATIONS 

Figure  12  shows  a typical  radar  signal  processing  system  with  the  elements 
which  are  candidates  for  CCD  implementation  in  dark  outline.  From  a hardware 
viewpoint  in  typical  radar  systems,  these  elements  constitute  a major  part 
of  the  signal  processor  size  and  cost.  This  section  describes  alternative 
CCD  implementation  techniques  for  the  principal  hardware  function  of  pulse 
compression,  storage  and  spectral  analysis.  Details  of  the  CCD  structure 
itself  in  relation  to  developing  a model  for  simulation  are  developed  in 
Section  4.0. 
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3.3.1  Pulse  Compression 


3. 3. 1.1  Tapped  Delay  Line  Pulse  Compression  Filters  - The  output  y(t)  of  a 
matched  filter  implemented  via  convolution  of  an  input  signal  s{t)  with  the 
impulse  response  of  the  matched  filter  h(t)  = x(-t)  where  x(t)  is  the 
transmitted  waveform; 


y(t)  = /“  s(t)  h*^t'T)  dx 

»oo 


The  signal  and  filter  functions  are  generally  represented  as  complex  in- 
phase  and  quadrature  samples  for  sample  data  operations.  Thus  a physical 
realization  of  the  filter  function  must  accommodate  the  complex  multiplicati 
operation,  which,  for  a matched  filter  is 

(a  + jb)  (c  - jd)  = ac  + bd  + j(bc  - ad) 

A tapped  delay  line  matched  filter,  therefore,  takes  the  form  of  Figure  13. 
CCD's  are  ideally  suited  for  implementing  this  function  because  of  their 
serial  structure.  The  variable  weight  tapped  delay  line  can  be  implemented 
on  a CCD  using  the  well  known  electrode  weighting  technique  [2]  shown  in 
Figure  14.  In  this  method,  the  filter  weights  are  built  into  the  basic 
physical  structure  of  the  CCD  gates. 


An  alternate  method  for  constructing  a CCD  transversal  filter  is  to  place  a 
weight  on  a CCD  floating  gate  tap  output.  This  latter  technique  is  more 
amenable  to  the  development  of  programmable  transversal  filters. 
Programmability  is  a desirable  feature  in  a radar  pulse  compression  system 
since  it  permits  the  tailoring  of  a transmitted  waveform  to  a specific 
operational  requirement. 


TAPPED  DELAY  LINE 
CONVOLVERS 


IN' 


Ij^^P  CONVOLVER 


Qppp  CONVOLVER 
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‘irr 


Qj^PP  CONVOLVER 
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'OUT 


FIGURE  13  . TAPPED  DELAY  LINE  MATCHED  FILTER 


FIGURE  14.  SPLIT  GATE  CCD  WEIGHTING  TECHNIQUE  WITH  3-PHASE  CLOCKING 

The  performance  level  of  CCD  transversal  filters  will  depend  on  the  transfer 
efficiency  and  noise  associated  with  the  charge  transfer  process  and  on  the 
realizable  tap  weight  accuracy. 

3. 3. 1.2  Matched  Filtering  Using  Spectral  Multiplication  - If  a convenient 
method  is  available  for  transforming  a signal  to  the  frequency  domain, 
the  use  of  the  Borel  convolution  theorem  becomes  practical.  That 
is,  the  product  of  the  Fourier  transform  of  two  functions  is  the  Fourier 
transform  of  the  convolution  of  the  two  functions.  Stated  mathematically, 

F’^  [S(f)  H(f)]  i x(t)  h{t-T)  di  = y(t) 


where  S(f)  = F[s(t)]  and  H(f)  = F[h(t)]. 

The  operation  with  sampled  data  functions  and  the  discrete  Fourier  transform 
is  illustrated  in  Figure  15.  Sampled  input  and  filter  reference  data  are 
periodic  at  the  interval  of  the  sequence  length.  Thus  if  a convolution  of 
N sample  signal  points  and  N filter  points  is  desired,  the  transform  aperture 
must  be  greater  than  N to  the  extent  of  the  number  of  convolution  points. 

For  N convolution  points,  transform  apertures  of  length  2N  are  necessary. 

The  convolution  of  sampled  data  in  this  manner  is  often  referred  to  as 
circular  convolution. 

The  fast  Fourier  transform  (FFT)  algorithm  has  provided  an  efficient  method 
for  calculating  the  discrete  Fourier  transform  (DFT)  of  a set  of  sampled  data 
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FIGURE  15.  ILLUSTRATION  OF  CONVOLUTION  BY  SPECTRAL  DOMAIN  MULTIPLICATION  WITH  SAMPLED  DATA 


using  digital  techniques.  The  serial  structure  of  CCD's  does  not 
lend  itself  to  the  use  of  the  FFT  algorithm.  However,  the  chirp-Z  transform 
[3]  technique  for  DFT  computation  does  lend  itself  to  the  use  of  CCD's.  The 
chirp-Z  algorithm  is  discussed  in  Section  3.3.3.  Figure  16  shows  a CCD 
implementation  of  a matched  filter  using  the  spectral  multiplication  technique. 
A particularly  desirable  feature  of  this  method  is  that  the  filter  can  be 
changed  simply  by  changing  the  spectral  reference  function. 


S(f)  H(f) 


FIGURE  16.  CCD  SPECTRAL  MULTIPLICATION  MATCHED  FILTER 
3.3.2  Corner  Turning  Bulk  Memory  Storage 

Many  of  the  very  large  memory  storage  requirements  in  signal  processing 
systems  involve  what  is  called  a corner-turning  requirement.  That  is 
while  data  is  received  as  a sequence  of  range  samples  for  each  pulse 
transmitteo  the  output  must  be  a sequence  consisting  of  the  same  range 
sample  from  10  to  more  than  500  pulses.  The  largest  memory  requirements 
can  be  found  in  some  synthetic  aperture  radar  systems  where  over  10^ 
samples  must  be  stored  to  moving  target  detector  (MTD)  processors  where 
the  storage  requirement  may  be  of  the  order  of  10^  samples.  The  baseline 
long  range  search  radar  has  a storage  requirement  of  60  pulses  of  600  range 
samples  each  for  a total  of  36,000.  This  example  will  be  used  in  the 
discussion  of  alternative  CCD  storage  options. 

3. 3. 2.1  Serpentine  Bulk  Memory  - The  serpentine  CCD  storage  technique  is 
illustrated  in  Figure  17.  This  method  may  be  the  simplest  from  the  point 
of  view  of  CCD  structure,  but  it  has  one  serious  difficulty.  The  data  is 
loaded  in  one  long  serial  shift  register  in  the  device.  With  36,000  samples 
to  be  loaded  in  sequence  any  transfer  inefficiency  will  seriously  degrade 
the  samples  passed  through  the  entire  device.  A 10"^  transfer  loss  which  is 
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typical  for  surface  channel  CCD  will  result  in  the  loss  of  97.2  percent  of 
the  leading  edge  sample  of  a step  function  loaded  into  the  CCD.  A buried 
channel  CCD  will  have  a transfer  inefficiency  of  10"^  and  would  result  in 
the  loss  of  30.2  percent  of  the  leading  edge  sample.  The  amplitude 
distribution  across  the  60  output  points  would  be  skewed  with  the  most 
recent  samples  having  close  to  their  exact  value. 

3. 3. 2. 2 Multiplexed  CCD  Memory  Cells  - Either  an  input  or  output  multiplexing 
method  can  be  used  to  eliminate  the  very  long  serial  registers.  The  two 
approaches  are  shown  in  Figure  18.  In  the  input  multiplexing  approach,  the 
input  is  sequentially  switched  into  600  separate  CCD  registers,  one  for  each 
range  cell.  The  data  is  then  read  out  serially  from  one  60  sample  register  at 
a time.  This  arrangement  is  similar  to  the  32K  CCD  digital  memory  design  of 
Fairchild  in  which  the  memory  dimensions  are  256  by  128.  Performing  a 
multiplexing  operation  at  the  output  simply  reverses  the  size  and  number 
of  CCD  register  elements.  The  result  is  60  registers  of  600  samples  each. 

The  principal  problem  of  long  term  storage  in  CCD's  is  the  dark  current 
build  up  and  neither  of  the  multiplexing  approaches  nor  the  bulk  memory 
using  multiple  line  addressable  random  access  memories  (LARAM's)  as 
indicated  in  Figure  19  solves  it.  LARAM's  have  been  developed  for  use  as 
digital  storage  mechanisms  and  a design  such  as  the  64  x 256  Intel  2416 
has  the  required  functional  operations  to  perform  corner  turning.  However, 
these  units  are  currently  only  viable  for  digital  storage.  The  Intel  design 
has  a very  high  2800  pf  caoacitive  load  on  the  chip  for  the  clock  input.  This 
high  clock  capacitance  should  be  avoided  if  possible  in  the  CCD  design  as 
it  greatly  increases  the  amount  of  clock  driver  power.  In  this  instance, 
the  peak  clock  power  required  to  operate  it  using  75365  TTL-CMOS  clock 
drivers  is  12.5  watts  if  the  chip  is  operated  at  10  volts  and  10  MHz. 

3.3.3  Spectral  Analysis 

3. 3. 3.1  Chirp-Z  Transform  - In  concept,  the  CZT  [ 3]  performs  spectral 
analysis  with  sampled  data  identically  to  an  old  standard  method  used  with 
analog  dispersive  delay  lines.  The  received  signal  whose  spectra  is  to  be 
analyzed  consists  of  a number  of  sinusoidal  signals.  If  a received  CW 
signal  is  mixed  with  a linear  FM  ramp,  a linear  FM  resultant  will  be 
produced  which  is  offset  in  frequency  in  proportion  to  the  input  signal 
frequency.  If  this  resultant  signal  is  passed  through  a dispersive  line 
(or  linear  FM  convolver)  with  a frequency  coverage  equal  to  the  sum  of  the 
frequency  analysis  range  and  the  linear  FM  ramp  range,  a pulse  will  be 
outputted  at  a time  proportional  to  the  frequency  of  the  input  CW  signal. 
Figure  20  illustrates  the  principle  with  sampled  data. 

The  input  bandwidth  has  a range,  Af,  which  is  also  the  bandwidth 
of  the  LFM  function  in  this  case.  The  total  frequency  band  of  a dispersive 
line  must  be  2Af.  The  relative  time  outputs  of  the  line  with  frequency 
inputs  of  -Af/2,  0,  and  +Af/2  are  indicated.  If  the  convolution  is  done  via 
a sampled  function,  a circular  convolution  will  accomplish  the  task.  Recall 
that  a sequence  of  N samples  is  periodic  in  N and  in  the  frequency  domain 
at  the  sampling  frequency.  Thus,  extension  of  a linear  FM  waveform  occurs 
in  both  time  and  frequency  and  a circular  convolution  over  2N  samples  will 
provide  the  desired  spectral  output. 
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N = TIME  SPAN  OF  LFM  FUNCTION 

2N  = SUM  OF  N PLUS  RELATED  TIME  SPAN  OF  FREQUENCY  BAND,  Af 


FIGURE  20.  CHIRP-Z  DFT  CONCEPT 

The  CCD  is  ideally  suited  for  the  computation  of  the  discrete  Fourier  transform 
(DFT)  via  the  chirp-Z  transform  (CZT)  because  the  implementation  of  the  CZT 
makes  use  of  linear  FM  convolvers.  The  basic  processing  steps  of  the  CZT  are 
shown  in  Figure  21.  The  complex  input  signal  (Xp)  is  mixed  with  the  chirp 
signal  A-P-BP^/Z  which  produces  an  offset  chirp  signal  output.  This  signal 
(Yp)  is  convolved  with  B-P^/2  in  the  convolution  filter.  The  convolution 
peak  at  the  output  of  the  filter  occurs  at  a time  corresponding  to  the  frequency 
of  the  input  signal.  The  complex  multiplication  after  convolution  corrects 
the  phase  bias  by  multiplication  with  the  reference  chirp  signal  . If 

the  phase  information  is  not  required,  then  the  output  of  the  convolution  can 
give  the  power  spectrum.  Figure  22  shows  the  CZT  process  in  more  detail.  The 
complex  CZT  requires  real  and  imaginary  baseband  processing  (I  and  Q). 

The  circular  convolution  can  be  performed  in  the  CZT  using  a tapped  CCD  delay 
line  of  2N  stages,  where  N is  the  number  of  samples  for  which  the  z-transform 
is  evaluated.  Therefore,  to  increase  the  number  of  points  that  the  CZT 
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FIGURE  21.  PROCESSING  STEPS  OF  THE  CHIRP  Z-TRANSFORM 

evaluates,  the  CCD  delay  line  must  be  increased  by  a factor  of  2.  RCA  has 
developed  another  approach  to  circular  convolution  shown  in  Figure  23.  This 
patented  technique  performs  the  circular  convolution  using  an  N stage  tapped 
CCD  and  an  N stage  CCD  delay  line.  The  full  CZT  implementation  using  the 
technique  is  shown  in  Figure  24. 

3. 3.3.2  Delay  Line  Time  Compressor  (DELTIC)  Spectrum  Analyzer  - A CCD  can, 
in  principle,  be  used  to  implement  the  standard  delay  line  time  compressor 
spectrum  analyzer  shown  in  Figure  25.  In  this  system,  all  of  the  signal 
samples  are  recirculated  in  the  delay  line  during  each  input  sample  interval 
Thus,  as  in  the  example  of  Figure  25,  if  60  spectral  coefficients  are 
analyzed  with  a 60  time  sample  interval,  the  clock  rate  of  the  system  is  60 
times  the  input  sample  rate.  This  technique  will  be  limited  with  CCD's  to 
small  numbers  of  samples  (N)  because  the  number  of  CCD  transfers  is  N^.  For 
wide  bandwidth  applications,  the  clock  rate  becomes  prohibitively  high. 

3. 3. 3. 3 Stored  Coefficient  CCD  Spectrum  Analyzer  - Another  approach  to 
spectrum  analysis  with  CCD's  which  avoids  the  high  clock  rates  of  the  DELTIC 
is  given  in  Figure  26.  In  this  case,  the  samples  to  be  analyzed  are  loaded 
into  the  tapped  delay  line  and  held.  All  of  the  spectral  reference 
coefficients  can  be  stored  on  the  CCD  in  a manner  similar  to  a split  gate 
correlator  and  the  coefficients  can  be  read  out  by  impulsing  the  line.  This 
general  method  has  the  advantages  of  providing  any  arbitrary  transform  of 
the  input  and  operation  at  clock  speeds  equal  to  the  sample  rate.  However, 
the  storage  requirement  is  proportional  to  thus  limiting  the  size  of  the 
transform. 

3.3.4  Extended  Time  Bandwidth  Applications 

It  was  indicated  in  Section  3.2  that  time  bandwidths  at  least  as  high  as 
25,000  might  be  encountered  for  some  radar  requirements.  In  fact,  the  long 
range  search  radar  application  could  include  a pulse  length  of  up  to  2 msec 
with  a 5.0  MHz  bandwidth.  With  a sample  rate  of  6.0  MHz,  the  resulting 
samples  required  to  define  the  waveform  is  12,000.  If  the  spectral  multipli 
cation  technique  were  used  for  matched  filtering,  DFT's  as  large  as  24,000 
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could  be  required.  This  section  discussed  some  alternative  techniques  for 
processing  these  large  TW  products  with  shorter  CCD  filters. 


3. 3.4.1  Step  Transform  (Sub-Aperture)  Technique  - The  step  transform 
algorithm  [4  ] effectively  breaks  up  a linear  FM  waveform  into  sub-apertures 
which  can  be  more  adequately  processed  with  CCD's. 

A conceptual  diagram  of  the  step  transform  process  is  given  in  Figure  27.  The 
upper  portion  of  the  figure  indicates  the  principal  functional  elements  in  the 
processor  while  a representation  of  the  function  itself  is  given  below.  The 
received  signal  is  a linear  FM  waveform  of  length  T and  bandwidth  W.  This  is 
sampled,  A/D  converted  and  multiplied  by  a linear  FM  sawtooth  whose  time  band- 
width product  of  a single  "tooth"  is  approximately  equal  to  / TW.  The 
resultant  from  this  operation  is  a segmented  CW  waveform  of  / TW  segments 
whose  overall  slope  is  equal  to  the  slope  of  the  original  waveform.  Each 
individual  segment  is  then  passed  into  a DFT  spectrum  analyzer  to  obtain  its 
exact  spectral  characteristics.  The  number  of  sample  points  in  the  deramping 
sawtooth  is  equal  to  the  number  of  sample  points  in  th'^  input  DFT  aperture. 

Successive  DFT  analysis  windows  are  stored  in  the  data  reordering  memory 
forming  a time-frequency  matrix.  Spectral  data  from  a single  received  linear 
FM  pulse  will  have  amplitude  peaks  across  the  matrix  beginning  at  a point 
corresponding  to  the  range  of  the  target.  Fine  range  resolution  is  obtained 
by  processing  successive  diagonals  of  the  data  in  the  time  frequency  matrix 
through  the  second  DFT.  The  output  of  the  second  DFT  gives  the  compressed 
pulse  output  with  a resolution  determined  by  the  bandwidth  of  the  waveform. 
Weighting  is  applied  prior  to  entering  the  second  DFT  to  reduce  range  side- 
lobes. 

The  implementation  of  the  DFT  in  the  step  transform  process  can  be  done  with 
a CCD-CZT.  Many  of  the  CZT  and  step  transform  functions  can  be  combined  so 
that  a functional  diagram  will  be  similar  to  that  shown  in  Figure  28. 

The  reorder  memory  function  in  the  step  transform  algorithm  requires  that  data 
received  on  a column  by  column  basis  be  read  out  along  a diagonal  through 
successive  columns.  This  process  is  normally  accomplished  using  random  access 
memories  in  a digital  system.  However,  a technique  for  accomplishing  the 
diagonalization  using  serial  shift  registers  has  been  developed,  and  its 
implementation  with  CCD's  is  shown  in  Figure  29.  The  total  register  length 
is  approximately  equal  to  the  number  of  samples  in  the  waveform. 

3. 3. 4. 2 Extended  TW-CZT  - A method  can  be  used  as  indicated  in  Figure  30 
to  synthesize  a large  CZT  with  smaller  CZT  segments.  In  this  case,  the 
objective  was  to  synthesize  a 24,000  point  transform.  It  is  done  by  combining 
24-1000  point  CZT's  in  a sub-aperture  approach  somewhat  akin  to  the  step 
transform.  An  inherent  problem  with  any  large  TW  product  signal  processor  is 
the  requirement  for  storage  of  the  full  TW  samples.  This  is  exemplified  in 
the  sub-aperture  CZT  by  the  size  of  the  delay  lines.  The  maximum  length  in 
the  example  is  23,000  stages. 

3. 3. 4. 3 Sub-Aperture  Convolution  - A sub-aperture  convolver  can  be  used  to 

. reduce  the  size  of  the  CCD  memories  in  extended  time-bandwidth  convolvers  if 
not  the  number  of  transfers.  The  concept  is  shown  in  Figure  31  where  12,000 
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FIGURE  27.  STEP  TRANSFORM  LFM  PULSE  COMPRESSION  PROCESSING 


28.  FUNCTIONAL  BLOCK  DIAGRAM  OF  CCD  STEP  TRANSFORM  PROCESSOR 
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sample  code  and  signal  samples  are  to  be  convolved.  If  the  number  of 
convolution  samples  desired  is  limited  to  1000  points,  the  reference  code 
can  be  broken  up  into  1000  point  samples  each  of  which  can  be  correlated 
with  the  appropriate  segment  of  the  signal.  The  resultant  is  a set  of 
impulses  separated  by  1000  points  which  can  be  summed  by  the  delay  line 
network  of  Figure  31.  An  alternative  implementation  might  take  the  form  of 
Figure  32.  in  this  approach,  the  input  is  alternately  steered  to  two 
programmable  CCD  convolvers  and  each  1000  point  output  is  integrated  in  the 
recirculating  integrator.  Here  again,  the  performance  limitation  due  to  a 
large  number  of  transfers  in  the  CCD  delay  line  in  the  integrator  will  be  a 
factor. 

3.4  BASELINE  CCD  SIGNAL  PROCESSOR 

A baseline  radar  signal  processing  system  was  developed  from  the  requirements 
outlined  in  Section  3.1.  The  baseline  system  features  a two  step  detection 
process  to  achieve  long  coherent  integration  times  for  high  radial  velocity 
targets.  A low  range  resolution  waveform  is  used  on  the  first  step  to  obtain 
coarse  range  and  doppler,  followed  by  a high  range  resolution  waveform  on 
the  second  step  with  programmed  velocity  gates  for  coherent  integration  with 
high  range  resolution. 

3.4.1  Baseline  System  Approach 

To  achieve  coherent  integration  the  target  must  remain  within  the  range  cell 
during  the  integration  time.  For  a radial  target  velocity  of  10,000  ft/sec, 
and  a range  resolution  of  greater  than  6,070  ft  (INM)  the  target  will  pass 
through  the  range  cell  in  less  than  1 second.  In  this  situation,  coherent 
integration  of  more  than  1 second  is  not  effective.  A two  step  detection 
process  will  overcome  this  range  walk  problem. 

On  the  first  step  a low  range  resolution  waveform  is  transmitted  such  that 
the  target  will  not  walk  through  the  range  cell  during  the  integration 
interval.  A coarse  range  resolution  (<^40  NM)  and  radial  velocity  resolution 
(250  ft/sec)  will  be  obtained.  In  the  event  of  a detection  on  the  first 
step  the  second  step  process  is  initiated  in  which  a high  range  resolution 
waveform  (_<  1 NM)  is  transmitted. 

By  using  the  coarse  velocity  estimate  from  the  first  step,  a large  part  of 
the  target  radial  velocity  can  be  removed  to  permit  the  full  coherent 
integration  with  the  high  range  resolution.  In  essence  the  position  of  the 
range  cells  can  be  programmed  versus  time  to  approximately  match  the  target 
radial  motion  and  thus  reduce  the  range  walk  to  an  acceptable  value.  The 
second  step  provides  the  desired  range  and  doppler  resolution  as  well  as 
the  angle  estimates. 

The  attractiveness  of  the  two  step  detection  approach  is  that  it  is  not 
wasteful  of  radar  resources  since  the  second  step  is  not  used  until  a 
detection  is  obtained  on  the  first  step.  Furthermore,  since  the  number 
of  targets  beyond  2000  NM  is  small  and  normally  closely  spaced,  the  second 
step  process  is  not  often  repeated  as  would  be  the  case  of  widely  separated 
multiple  targets. 
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FIGURE  32.  IMPLEMENTATION  OF  SUB-APERTURE  CONVOLUTION 


3.4.2  Waveforms  for  the  Baseline  System 


Figure  33  provides  a summary  of  the  waveforms  proposed  in  the  two  step 
approach.  The  range  resolution  of  the  first  step  waveform,  Figure  33a,  is 
low  enough  so  that  the  target  remains  substantially  in  the  range  cell  for  the 
entire  integration  interval.  In  addition  the  waveform  provides  a coarse 
doppler  estimation  which  is  used  on  the  second  step  process  to  program  the 
range  cell  such  that  the  target  remains  in  the  high  range  resolution  cell 
over  the  integration  interval. 

The  higher  range  resolution  on  the  second  step  is  achieved  with  a linear  FM 
waveform.  Figure  33b,  having  a bandwidth  of  200  KHz.  This  bandwidth  provides 
a resolution  of  1 NM  between  two  targets  with  an  amplitude  differential  of 
10  dB.  Resolution  in  doppler  is  a function  of  the  coherent  integration 
interval  which  for  a 6 second  integration  interval  is  1/6  Hz.  This  doppler 
resolution  permits  separation  of  targets  within  the  same  range  cell  but  with 
different  velocities. 
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SECOND  STEP  DETECTIO:!  V.'AVEFORM 
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FIGURE  33.  SUMMARY  OF  BASELINE  WAVEFORMS 
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3.4. 2.1  First  Step  Wavefonn  - The  first  step  waveform  was  established  on  the 
basis  of  using  a low  bandwidth  waveform  so  that  a target  moving  at  10,000  ft/ 
sec  would  remain  within  a range  resolution  cell  over  a 6 second  integration 
interval.  The  low  bandwidth  waveform  is  provided  by  using  an  uncoded  pulse 
of  500  usee.  The  resolution  of  this  waveform  is  determined  by  the  auto 
correlation  function  shown  in  Figure  34a.  A 10.000  ft/sec  target  over  a 6 second 
integration  interval  will  have  an  average  loss  in  sensitivity  due  to  the  target 
motion  of  approximately  1.1  dB.  A smaller  loss  can  be  realized  by  making 

the  waveform  longer.  However,  the  range  accuracy  would  suffer  thus  requiring 
processing  of  a larger  range  window  on  the  second  step  detection  process. 

The  spectrum  of  the  waveform  is  shown  in  Figure  34b.  At  the  -3.9  dB  response 
the  spectral  width  is  2 KHz.  For  target  velocities  of  + 10,000  ft/sec  the 
doppler  frequency  is  + 8840  Hz.  Thus  to  optimally  process  a single  pulse  a 
doppler  filter  bank  (or  equivalent)  is  used  having  approximately  10  filters, 

2 KHz  bandwidth  each,  covering  the  ± 8840  Hz  band. 

3.4. 2.2  Second  Step  Waveform  - After  a detection  on  the  first  step  process 
the  second  step  waveform  is  transmitted.  This  waveform  has  a LFM  with  a 
frequency  deviation  of  200  KHz,  hence  the  range  resolution  is  no  longer 
determined  by  the  pulse  length.  To  minimize  the  effect  of  eclipsing  of  long 
range  targets,  the  pulse  length  should  be  as  narrow  as  possible  but  not  so 
narrow  as  to  result  in  a low  time  bandwidth.  Low  time  bandwidth  products 
result  in  poor  time  sidelobe  performance.  A 250  usee  pulse  length  provides 
the  necessary  performance. 

Doppler  filter  bank  processing  on  a single  pulse  basis  is  not  necessary  with 
this  waveform  since  the  pulse  spectrum  is  significantly  wider  than  the 
expected  doppler  shift.  The  final  doppler  resolution  is  obtained  after 
coherent  integration.  Figure  35  shows  the  line  spectrum  for  a train  of  120 
pulses  (6  seconds  of  integration).  For  a stable  target,  with  low  acceleration 
during  the  integration  interval,  the  width  of  each  line  spectrum  is  1/6  Hz. 

Thus  multiple  targets  within  a range  cell  can  be  resolved  if  their  velocities 
are  different.  It  should  be  noted  that  although  they  are  reso’/able  the 
dopplers  are  generally  ambiguous. 

3.4.3  First  Step  Process 

Figure  36  shows  the  functions  involved  in  the  first  step  process.  The 
configuration  is  a representation  of  either  the  vertical  or  horizontally 
polarized  receive  channels.  Two  of  the  channels  must  be  carried  up  to  the 
output  of  the  integration  function  after  which  the  channel  having  the  greatest 
amplitude  is  selected  for  detection  and  range  estimation. 

At  the  input  the  target  echo,  at  IF,  is  hetrodyned  to  a low  frequency  carrier 
such  that  the  signal  for  a positive  doppler  frequency  of  8840  Hz  will  be 
located  somewhat  above  17680  Hz  and  for  a negative  doppler  of  8840  Hz  the 
signal  will  be  above  zero.  The  signals  in  the  low  frequency  band  are  sampled 
at  1.5  times  the  Nyquist  sampling  rate  and  the  resultant  samples  applied  to  a 
bank  of  10  filters.  Each  filter  has  a 2 KHz  bandwidth  and  a different  center 
frequency  to  form  a filter  bank  covering  a 17680  Hz  band.  The  overlap  between 
successive  filters  is  within  the  -3  dB  pulse  response  to  minimize  the  cross- 
over loss.  Each  filter  is  a matched  filter  to  the  500  usee  pulse. 
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AVERAGE  LOSS  DUE  TO  VELOCITY  MISMATCH  IS 

L = 1 n + ( IS  ' 1.1  dB 

A)  AUTOCORRELAI'ION  FUNCTION 


i 


f The  entire  group  of  samples  at  the  filter  outputs  representing  the  range 

I sweep  is  placed  in  storage.  Although  the  input  sample  rate  with  each  filter 

is  55  KHz  the  sample  rate  at  the  output  of  each  filter  can  be  reduced  to 

I approximately  6 KHz.  The  output  of  each  filter  is  stored  over  the  cohf'rent 

\ integration  interval,  which  can  be  as  much  as  6 seconds.  For  a .05  sec 

range  sweep  interval  the  number  of  samples  per  range  sweep  is  600. 

After  the  full  6 seconds  of  data  is  accumulated,  the  memory  is  rapidly  read 

out,  on  a range  cell  basis,  and  the  pulses  are  integrated  on  a range  cell 
basis. 


A high  speed  read  out  rate  is  performed  on  the  memory  so  that  a single 
integrator  can  be  used  to  sequentially  integrate  all  ranqe  samoles 
from  one  filter  memory  followed  by  the  sequential  processing  of  the  data  from 
the  other  filter  memories.  In  addition,  the  high  speed  operation  minimizes 
the  total  storage  time  necessary  in  the  CCD  memories  and  thus  reduces  dark 
current  build-up. 

In  general  a single  target  will  occupy  more  than  one  range  cell. 

To  obtain  an  accurate  estimation  of  the  target  range  and  amplitude  an 
interpolation  is  performed.  Several  interpolation  techniques  are  possible 
which  can  be  implemented  with  a CCD.  All  involve  a short  transversal  filter 
as  the  key  processing  element. 

Following  the  interpolator  the  peak  signals  between  the  vertical  and 
horizontal  polarization  channels  are  compared  and  the  greater  of  the  two 
applied  to  the  detection  threshold.  The  same  process  as  described  above  is 
performed  on  each  of  the  filter  channels. 

In  general,  the  frequency  of  the  echo  will  occupy  more  than  one  of  the  filters 
in  the  doppler  filter  bank.  A doppler  interpolation,  similar  to  that  used  in 
the  range  dimension,  is  used  to  obtain  a more  accurate  estimate  of  the  doppler 
frequency.  It  is  expected  that  interpolation  will  provide  an  8 to  1 
improvement  in  doppler  estimation  rather  than  by  simply  considering  the  filter 
with  the  largest  output.  Based  on  the  2 KHz  doppler  filters  the  interpolation 
will  provide  an  accuracy  of  250  Hz  provided  the  S/N  is  sufficiently  high. 

Thus  the  output  of  the  first  step  process  is  a range  estimate  and  a coarse 
doppler  estimate.  These  estimates  are  used  to  establish  the  range  window  and 
range  walk  correction  for  the  second  step,  high  range  resolution,  detection 
process . 

3.4.4  Second  Step  Detection  Process 

On  the  first  step  detection  the  range  of  the  satellite  complex  is  determined 
to  within  6 NM  (based  on  a 10  dB  SNR)  and  the  doppler  frequency  determined  to 
within  250  Hz  (;  283  ft/sec).  In  order  to  resolve  closely  spaced  targets  the 
second  step  detection  process  uses  a linear  FM  waveform  with  a 200  KHz  band- 
width. Based  on  the  range  estimates  made  on  the  first  step  process  a reduced 
range  window  (:  10  NM)  is  processed  on  the  second  step.  Since  the  same 
detection  sensitivity  is  required  on  the  second  step  as  was  used  on  the  first 
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step,  the  integration  time  on  the  second  step  is  the  same  as  on  the  first  step. 
To  minimize  the  effects  of  the  range  walk  due  to  the  higher  range  resolution 
the  coarse  doppler  estimate  obtained  from  the  first  step  is  used  to  program 
the  movement  of  the  range  samples.  In  effect  the  range  samples,  over  the  10 
NM  range  window,  are  moved  in  range  to  match  the  target  velocity  such  that 
the  target  remains  within  the  range  cell  over  the  6 seconds  of  integration 
time.  If  the  uncertainty  in  target  velocity  is  250  ft/sec  then  in  6 seconds 
the  differential  motion  between  the  moving  range  gate  and  the  target  will  be 
1500  feet.  For  a linear  frequency  modulated  transmission,  with  Hamming 
weighting  on  reception,  the  average  signal-to-noise  loss  due  to  the  velocity 
mismatch  is  less  than  1 dB. 

The  loss  can  be  reduced  by  obtaining  a finer  estimate  of  doppler  on  the  first 
step;  this,  however,  is  accomplished  at  the  expense  of  using  a lower  bandwidth 
transmission  on  the  first  step  and  thereby  requiring  processing  of  a larger 
range  window  on  the  second  step. 

Figure  37  shows  the  functional  flow  diagram  of  the  second  step  process. 
Identical  channels  are  carried  for  the  vertical  and  horizontal  polarization 
channels.  The  target  echo  at  IF  is  connected  to  its  in-phase  (I)  and 
quadrature  (Q)  components.  Each  baseband  channel  I and  Q has  a bandwidth 
of  approximately  100  KHz.  The  channels  are  sampled  and  applied  to  a pulse 
compression  process. 

Over  a 6 second  interval  120  range  sweeps  will  be  obtained  from  the  pulse 
compression  process.  The  120  samples  for  each  range  cell  are  read  out  of 
memory  and  integrated  in  the  spectrum  analyzer.  A range  interpolation  and 
selection  of  the  greater  of  the  horizontal  and  vertical  channels  is  performed 
and  the  output  applied  to  the  detection  threshold  circuit. 

The  1/6  Hz  resolution  of  the  spectrum  analyzer  is  used  for  doppler  resolution 
and  the  interpolated  range  is  used  as  the  range  estimates.  These  estimates 
are  used  to  initiate  the  tracking  mode. 

3.4.5  Baseline  Processor  Requirements  and  Implementation 

Table  22  summarizes  the  processing  requirements  for  the  baseline  system.  The 
principal  subsystem  CCD  implementation  which  is  identified  is;  the  input 
doppler  filtering  and  I ,Q  demodulation  in  the  first  step  processor,  the  corner 
turning  or  bulk  filter  requirements  in  first  and  second  step,  pulse  compression 
and  the  coherent  integrator  or  spectrum  analyzer.  These  functions  can  be 
considered  for  both  the  narrow  band  and  wideband  cases  and  for  handling  the 
^ 10,000  ft/sec  or  + 35,000  ft/sec  doppler  cases. 

3.4.5. 1 Input  Doppler  Filtering  - The  input  signal  handling  in  the  first 
step  process  illustrates  the  option  of  processing  signals  at  a low  IF 
frequency  or  at  baseband.  Figure  38  is  an  implementation  of  the  input  doppler 
filtering  with  a low  IF  frequency  sampled  directly.  Each  doppler  filter  in 
this  case  consists  of  a pair  of  I and  Q CCD  correlators  and  a total  of  10 
filters  are  required.  Figure  38  is  an  implementation  requiring  20  distinct 
CCD  filter  designs.  The  number  can  be  reduced  to  two  by  employing  a system 
whereby  separate  mixers  and  reference  frequency  sources  are  used  for  each 
■•"ilter  and  all  of  the  ten  doppler  filters  are  identical. 


.V* 
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FIGURE  38.  LOW  FREQUENCY  IF  INPUT  FILTERING 


An  I/Q  baseband  equivalent  of  the  input  processing  is  shown  in  Figure  39.  In 
this  case,  four  CCD  lines  are  required  for  each  doppler  filtei^  unit.  However, 
if  the  ten  filters  are  identical  in  shape  and  are  symmetrically  situated 
around  the  sample  rate,  a second  filter  can  be  realized  with  each  unit  by 
changing  the  signs  of  the  Q summation. 

Table  23  sumtarizes  the  choices  for  the  first  step  input  and  doppler  filtering. 
The  second  one  was  selected  as  the  baseline  approach  since  it  offered  the 
fewest  distinct  CCD  designs. 

3.4. 5. 2 Corner  Turning  - Bulk  Memory  - The  requirements  imposed  on  the  bulk- 
corner  turning  memory  by  the  various  system  options  are  listed  in  Table  24. 
Although  the  maximum  storage  time  listed  is  6 seconds,  as  noted  in  Section  3.2, 
system  requirements  for  very  long  range  detection  could  impose  times  of  12 
seconds  or  more.  The  length  of  storage  time  is  the  most  critical  requirement 
from  the  point  of  view  of  the  basic  CCD  physics  and  as  shown  in  Section  6.0, 

it  can  only  be  achieved  if  the  devices  are  cooled.  Either  input  or  output 
multiplexing  as  described  in  Section  3.3  is  a satisfactory  approach  for  the 
corner  turning  memory. 

3. 4. 5. 3 Pulse  Compression  - The  low  bandwidth  pulse  compression  requirement 
with  a time-bandwidth  product  of  200  can  be  met  with  a straightforward 
implementation  of  a transversal  matched  filter  with  four  elements  as  discussed 
in  Section  3.3.  However,  for  the  long  TW  products  three  alternates  are 
possible;  the  step  transform,  a sub-aperture  CZT  approach  giving  a large  DFT- 
DFT-1  matched  filter  and  a sub-aperture  convolver  with  minimum  range.  The 
CCD  hardware  impact  of  these  alternatives  are  tabulated  in  Table  25.  The 
step  transform  approach  is  most  attractive  in  this  case  because  it  minimizes 
the  size  and  number  of  the  CCD’s  relative  to  the  sub-aperture  CZT  and  avoids 
the  requirement  for  programmability  as  in  the  case  of  the  sub-aperture 
convolver.  Full  range  search  is  an  additional  advantage. 

3. 4. 5. 4 Coherent  Integration  - The  coherent  integration  alternatives  are 
listed  in  Table  26.  A chirp-Z  transform  implementation  is  optimum  at  this 
point  because  of  the  well  developed  split-gate  tap  weight  technique.  As  the 
methods  of  parallel  data  transfer  and  switching  control  on  CCD's  are  improved, 
further  performance  advances  in  CZT's  and  stored  coefficient  analyzers  will 
ensue. 
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4.0.  CCD  CHARACTERISTICS 

4.1  CCD  OPERATING  PRINCIPLES* 

4.1.1  Background 

In  1970,  W.  S.  Boyle  and  G.  E.  Smith  of  Bell  Laboratories,  reported  the 
concept  of  semiconductor  charge  coupled  devices  (CCD's). [5  ] Since  that 
time,  progress  in  CCD  development  has  been  rapid.  The  technology  has 
advanced  from  laboratory  demonstration  of  eight-stage  CCD  delay  lines,  which 
lost  1-2  percent  of  the  stored  charge  with  every  transfer  [6  ],  to  500-800 
stage  CCD  delay  line/transversal  filters,  which  lose  .01-. 02  percent  with 
every  transfer. [7  ,8  ] As  CCD  performance  has  increased,  so  also  have 
device  design  variations. 

The  characteristics  by  which  CCD's  are  characterized  include: 

° Surface  or  Buried  Channel. 

° The  Number  of  Clock  Phases  (Three,  Two,  and  One-Phase). 

° Various  Input/Output  Techniques. 

” Clock  Swing  Voltages. 

° Gate  Areas. 

All  of  the  above  characteristics  directly  affect  device  performance.  In 
addition,  any  CCD  can  be  operated  with  different  parameters  that  alter 
device  performance.  An  example  is  the  percent  of  input  background  charge 
which  directly  affects  the  charge  transfer  efficiency.  The  large  variation 
in  CCD  operating  conditions  have  made  many  performance  reports  in  the 
literature  difficult  to  correlate,  usually  due  to  the  lack  of  complete 
experimental  descriptions.  It  is  apparent,  however,  that  certain  CCD  designs 
and  operating  conditions  are  becoming  typical  of  good  operation. 

In  order  to  realistically  describe  CCD  performance,  the  theoretical 
considerations  will  be  presented  along  with  typical  operating  conditions. 

The  CCD  as  a delay  line  and  as  a tapped  delay  line  has  been  modeled  and  a 
computer  simulation  described  in  Section  5.0  has  been  developed.  A 
substantial  amount  of  literature  has  been  generated  describing  CCD  operation 
and  performance,  with  much  of  it  containing  sophisticated  analyses.  These 
analyses  lead  to  CCD  performance  predictions  with  first,  second,  and  higher 
order  effects.  The  scope  of  the  computer  simulation  of  this  program 
incorporates  first  and  second  order  effects  of  the  predominate  CCD  variables. 
Higher  order  effects  were  not  included  since  their  impact  on  CCD  performance 
was  minimal . 

Many  references  were  consulted  in  the  development  and  verification  of  the 
CCD  model.  Internal  RCA  laboratory  measurements  were  also  used  as  a 
validation  of  the  model  and  the  computer  simulation.  Limitations  of  the 
model  and  simulation  will  be  noted  where  they  apply. 

4.1.2  Basic  CCD  Operation 

An  analog  signal  connected  to  the  CCD  input  is  sampled  and  a charge  packet  is 
generated  by  the  input  structure.  The  magnitude  of  this  charge  packet  is 

* A glossary  of  CCD  terms  is  provided  at  the  end  of  this  section. 
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proportional  to  the  analog  signal  sample.  The  charge  packet  is  attracted  to 
the  region  with  the  minimum  potential  energy.  This  region,  called  potential 
well,  occurs  under  an  MOS  gate  when  a voltage  is  applied  to  the  gate.  A 
linear  array  of  closely  spaced  MOS  gates  with  properly  controlled  adjacent 
gate  voltages  allows  the  charge  packet  to  be  transferred  down  the  gate  array. 
When  the  charge  packet  has  been  transferred  through  the  entire  gate  array, 
its  magnitude  is  sensed  by  the  output  structure. 

Referring  to  Figure  40,  when  two  adjacent  transfer  gates  have  the  same 
voltage  applied,  the  charge  packet  will  be  equally  distributed  under  the  two 
(Time  1).  When  the  voltage  is  removed  from  one  gate,  the  charge  packet  will 
be  distributed  under  the  second  transfer  gate  (Time  2).  The  process  is 
repeated  (Time  3 and  4)  until  the  charge  packet  resides  under  the  desired 
transfer  gate.  In  this  example,  three  gates  are  used  to  provide  direction 
to  the  transfer.  This  shows  that  a three  or  higher-phase  clock  system  can 
be  used  to  control  charge  transfer.  A two-phase  clock  system  can  be  used 
if  direction  is  built  into  the  clock  structure.  This  is  shown  in  Figure 
41  with  the  aid  of  a potential  profile  line. 

The  first  and  second  gates  are  connected  to  the  same  phase  clock  with  the 
first  gate  voltage  reduced  by  aV.  Gates  three  and  four  are  connected  in  a 
like  manner.  The  AV  bias  gives  direction  to  the  charge  transfer.  One 
stage  of  a three-phase  clock  CCD  consists  of  three  gates  which  involves 
three  transfers.  One  stage  of  a two-phase  clock  CCD  consists  of  four  gates 
with  two  transfers.  Charge  is  not  stored  under  the  first  or  third  gates, 
but  under  the  second  and  fourth.  The  clock  frequency  and  the  number  of 
stages  determines  the  time  delay  of  the  CCD. 

There  are  many  CCD  input  and  output  techniques  that  have  been  published. [9  , 

10]  A given  input  structure  can  be  operated  in  different  ways  to  inject  charge 
into  the  CCD,  but  each  method  operates  by  generating  charge  and  forming 
charge  packets.  Some  input  structures  are  more  linear  than  others,  while 
some  allow  larger  charge  packets  to  be  formed,  or  are  less  noisy.  CCD 
output  techniques  operate  by  detecting  the  change  of  charge  present  in  the 
output  structure.  As  in  the  input,  linearity,  signal  amplitude  and  noise 
are  factors  that  must  be  considered. [9  ] 

4.1.3  Physical  Description 

CCD's  are  solid-state  devices  usually  constructed  on  silicon  substrates. 

They  can  be  fabricated  using  standard  MOS  processing.  A cross-section  of  a 
surface-channel  CCD  is  shown  in  Figure  42.  The  charge  transferred  down  the 
CCD  physically  resides  at  the  Si-Si02  interface.  A buried-channel  CCD  is 
shown  in  Figure  43. 

A buried-channel  CCD  uses  an  epitaxial  or  ion-implanted  silicon  layer  (N- 
layer)  of  polarity  opposite  to  that  of  the  substrate  (P-substrate) . This 
layer  shifts  the  transferred  charge  away  from  the  Si-Si02  interface  into 
the  bulk  of  the  N-layer  material. 

The  charge  packets  are  contained  under  specific  transfer  gates  by  the 
appropriate  gate  voltages.  The  charge  packets  are  prevented  from  being 
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FIGURE  41.  TWO-PHASE  CLOCK  CHARGE  TRANSFER 
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FIGURE  42.  CROSS  SECTION  OF  SURFACE  CHANNEL  CCD 
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FIGURE  43.  CROSS  SECTION  OF  BURIED  CHANNEL  CCD 

laterally  dispersed  by  channel  stops  shown  in  Figure  44  which  define  the  CCD 
channel.  In  addition  to  confining  the  charge  packets,  the  channel  stops 
also  keep  the  charge  packets  physically  separated  from  the  clock  bus  lines. 

The  input  structure  consists  of  the  input  diffusion  and  gates  1 and  2 of 
Figures  42  and  43.  Input  structures  can  also  be  constructed  with  an  input 
diffusion  and  only  gate  1 or,  as  an  additional  variation,  it  can  contain  an 
additional  gate  (Gate  3).  The  output  structure  shown  in  Figures  42  and  43 
consists  simply  of  the  output  diffusion.  A variety  of  output  structures 
exist,  however,  the  split-gate  structure  is  described  since  it  is  an 
important  technique  in  the  fabrication  of  a tapped  CCD  delay  line. 

The  transfer  gates  can  be  used  to  sense  the  charge  passing  beneath  them  as 
well  as  causing  the  charge  to  transfer.  In  order  to  implement  a weighted 
tapped  delay  line,  transfer  gates  can  be  split  as  shown  in  Figure  45. 

The  phase  three  (03)  gates  are  shown  split  into  03‘'’  and  03".  The  amount  of 
charge  detected  by  a given  split  gate  depends  directly  on  its  area.  The 
charge  packet  proportional  to  the  input  signal  sample  is  equally  distributed 
across  the  CCD  channel.  Therefore,  the  charge  packet  under  the  split  gate  is 
weighted  by  the  relative  area  of  the  03'''  gate  to  the  03"  gate.  The  03  clock 
bus  lines  act  here  as  summers  for  the  plus  contributions  and  for  the  minus 
contributions.  The  plus  and  minus  buses  are  then  applied  to  the  appropriate 
inputs  of  a differential  amplifier.  If  the  split  of  a particular  gate  occurs 
at  the  middle,  the  corresponding  weight  at  that  gate  is  zero.  If  the  split 
occurs  closer  to  the  minus  side  of  the  CCD  channel,  the  weight  will  be  positive 
for  that  gate.  An  analog  weight  from  +1  to  -1  can  thus  be  obtained. 
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FIGURE  44.  CCD  (TOP  VIEW) 


4.2  SIGNAL  SAMPLE  STORAGE 
4.2.1  Description 

A CCD  stores  an  analog  signal  sample  as  minority  charge  in  the  potential  wells 
formed  by  pulsing  MOS  capacitors  (transfer  gates)  into  deep  depletion.  The 
maximum  signal  sample  that  can  be  stored  by  a CCD  is  determined  by  the  size 
of  the  MOS  capacitors.  A first  order  approximation  of  the  charge  stores  (Qs) 
measured  in  electrons  is  determined  by: 

Q,  ■ A • . Vp  . K,  (1  ) 

2 

where:  A = Active  Area  of  the  Potential  Well  (mil  ), 

2 

Oxide  Capacitance  per  Unit  Area  (farad/mil  ), 

U A 

V-  = Pulse  Potential  Applied  to  the  Gate  with  Respect  to  the 
^ Adjacent  Gates  (Volts),  and 

= Electrons  per  Coulomb  (6.284  * 10^®). 

Equation  ( 1)  can  be  used  to  derive  a range  of  upper  and  lower  charge  handling 
capabilities  for  surface  channel  CCD's  (SCCD)  with  symmetrical  MOS  gates. 

Minimum  pulse  amplitudes  of  1-2  volts  [11]  are  required  to  overcome  anomalies  in 
the  potential  distribution  at  the  edges  of  the  gates  or  threshold  voltage 
differences  between  adjacent  gates.  The  maximum  pulse  amplitude  is  determined 
by  the  breakdown  potential  of  the  gate  oxide  (about  5 * 10^  V/cm)[ll]  because 
the  main  potential  drop  occurs  at  the  gate  oxide  when  the  minority  charge  « 
contained  in  the  potential  well  is  maximum.  For  an  oxide  thickness  of  1000  H 
(100  nm)  the  breakdown  voltage  would  be  about  50  V.  Oxide  capacitance  (Cqx) 
levels  for  MOS  capacitors  with  oxide  thickness  of  1000  A range  between  .225 
and  ,3  pf/mil2  [12].  For  an  active  area  of  2 mil^  the  maximum  number  of 
electrons  is  about  1.65  * lO^. 


Buried  channel  CCD's  (BCCD)  have  reduced  signal  handling  capabilities  since 
the  minority  charges  are  stored  further  from  the  CCD  gates.  The  ratio  of 
maximum  charge  stored  in  a SCCD  to  that  stored  in  a BCCD  with  the  same  gate 
geometry  and  clock  swing  is  given  by:  [10] 


Qe  (SCCD) 


= 1 + 


^ox  ’^ch 


SI  ox 


where:  = Permit! vity  of  Silicon  Dioxide, 

^si  ~ Permit! vity  of  Silicon, 

d^^  = Effective  Thickness  of  Channel  Implant,  and 

d....  = Oxide  Thickness, 
ox 


I 
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For  a device  with  dox  = .1  ym  and  dch  = .6  um  the  ratio  Qs  (SCCD)/Qs  (BCCD) 
is  about  2.  Thus  a BCCD  has  approximately  one-half  the  number  of  electrons 
in  a full  well  as  a similar  SCCD. 

4.2.2  Typical  Parameters 

Although  the  charge  storage  per  potential  well  increases  as  the  voltage  applied 
to  the  transfer  gate,  most  CCD's  are  not  driven  with  the  maximum  level  of  50 
volts,  but  with  voltages  between  9-15  volts.  This  is  primarily  due  to  power 
dissipation  limitations  in  the  CCD  clock  drivers.  The  CCD  gates  appear  as 
large  capacitances;  therefore,  the  power  to  drive  the  clock  gates  is  mainly 
reactive.  The  power  is  dissipated  in  the  driver  according  to: 

P = f^  . C . Vp2  ( 3 ) 

where:  f^,  = Clock  Frequency, 

C = Gate  Capacitance,  and 

Vp  = Pulse  Potential  Applied  to  the  Gate. 

The  power  increases  with  the  square  of  the  drive  voltage  and  for  high  frequency 
operation  (>1  MHz)  commercial  switch-transistor  integrated  circuits  reach 
their  power  dissipation  limit  at  drive  voltages  around  10-15  volts. 

Typical  SCCD  full  potential  wells  hold  a maximum  of  3.29  * 10^  electrons  at 
9 volts  to  4.95  * 10^  electrons  at  15  volts  for  a 2 mil^  gate  area.  Typical 
BCCD  potential  wells  would  hold  about  half  that  number  of  electrons  (1.64  * 

10^  - 2.47  * 10^  electrons). 

Gate  area  is  the  product  cf  the  gate  length  and  the  channel  width.  Most  CCD's 
have  been  built  with  gate  areas  between  .32  and  3.2  mil^.  However,  it  is 
feasible  to  construct  dense  CCD's,  with  gate  areas  as  low  as  .02  mil^;  and 
future  predictions  of  .01  mil2  have  bee.n  made.[l4]  Gate  areas  larger  than  ^ 
4 mil 2 can  be  built  for  applications  requiring  large  charge  storage  capability" 
such  as  accumulators. 

Oxide  capacitance  per  unit  area  depends  on  the  thickness  and  permitivity  of  the 
oxide  as  follows: [12] 

Cq^  = 8.85  * 10'^°  ^ ^ ) 

ox  U 

where  is  between  2.7  and  4.2. 


0 

Oxide  Thickness  d^^  (A) 

2 

Oxide  Capacitance,  C^^  (pf/mil  ) 

1000 

.225  - .30 

1500 

.150  - .20 

2000 

.112  - .15 
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According  to  Equation  ( 1 ),  the  anwunt  of  stored  charge  increases  as  the 
oxide  capacitance  per  unit  area  and  the  oxide  thickness  should  therefore  be 
minimized  for  maximum  charge  storage.  For  oxide  thickness  less  than  1000  A 
pinhole  failure  modes  begin  to  reduce  the  yie.  \ of  fully  operational  CCD's. 

4.2.3  Simulation  - Model 

Electrons  are  the  common  variable  for  all  the  CCD  factors  considered.  The 
maximum  number  of  electrons  a potential  well  can  hold  (a  full  well)  sets  the 
largest  signal  sample  amplitude  that  can  be  input  to  the  CCD.  The  full  well 
electrons  (Qs)  determined  by  Equation  ( 1 ) and  the  following  parameters: 

A = Simulation  Parameter  Input  (mil 2) 

Cqx  = -262  (pf/mil^)  for  1000  A Thick  Oxide 

Vp  = Simulation  Parameter  Input  (Volts) 

= 6.28  * 10^® 

SCCD  or  BCCD  = Simulation  Parameter  Input  (Q^  (BCCD)  = 1/2  (SCCD)) 


Shown  below  are  the  number  of  electrons  for  a full  well  as  calculated  by  the 
simulation. 


TYPE 

GATE  AREA 
(mil  2) 

CLOCK  VOLTAGE 
(Volts) 

FULL  WELL 
ELECTRONS 

SCCD 

2 

10 

3.29  * 10 

SCCD 

2 

15 

4.94  * 10 

SCCD 

4 

10 

6.59  * 10 

SCCD 

4 

15 

9.89  * 10 

SCCD 

.3 

10 

4.95  * 10 

SCCD 

.02 

10 

3.29  * 10 

SCCD 

.01 

10 

1.65  * 10 

BCCD 

2 

10 

1.64  * 10 

BCCD 

2 

15 

2.47  * 10 

BCCD 

4 

10 

3.29  * 10 

BCCD 

4 

15 

4.94  * 10 

BCCD 

.3 

10 

2.47  * 10 

BCCD 

.02 

10 

1.65  * 10 

BCCD 

.01 

10 

8.24  * 10 

7 

7 

7 

7 

6 

5 

5 
7 
7 
7 
7 

6 
5 
4 


92 


4.3  TRANSFER  EFFICIENCY  AND  BACKGROUND  CHARGE 

4.3.1  Description 

When  the  charge  packet  is  transferred  from  one  potential  well  to  the  next,  a 
small  fraction  of  the  charge  packet  is  left  behind.  Two  mechanisms  contribute 
to  this  charge  transfer  inefficiency  (CTI),  free  charge  transfer  and  signal 
charge  interaction  with  traps.  The  trapping  is  due  to  interface  state  and 
bulk  traps  in  SCCD's  and  bulk  traps  only  in  BCCD's. 

Free  charge  transfer  is  the  process  that  describes  the  movement  of  charge 
from  one  potential  well  to  the  next.  The  amount  of  charge  transferred  is  time 
dependent.  If  the  time  allowed  for  charge  transfer  is  too  short,  not  all  of 
the  charge  will  be  transferred.  The  trapped  charge  will  either  be  forced 
backward  or  into  the  substrate  where  it  is  lost.  The  speed  and  amount  of 
charge  transferred  strongly  depends  upon  the  CCD  gate  length  and  substrate 
doping.  Keeping  the  substrate  doping  less  than  10^5  cm‘3  and  gate  length  less 
than  10  microns  gives  a charge  transfer  efficiency  (CTE)  of  99.99%  for  clock 
frequencies  greater  than  10  MHz  considering  the  effects  of  free  charge 
transfer  only. [15]  Therefore,  keeping  these  design  considerations  in  mind, 

CTI  can  be  considered  independent  of  frequency  for  most  CCD  applications. 

The  effect  of  traps  (interface  state  and  bulk)  is  independent  of  frequency. 
SCCD's  are  primarily  affected  by  interface  state  traps  as  most  of  the  signal 
charge  resides  in  about  10  nm  of  the  interface.  In  BCCD's,  the  signal  charge 
resides  entirely  in  the  bulk.  Empty  traps  capture  signal  charge  as  it  comes 
in  contact  with  them  in  less  than  1 ns.  Full  traps  release  this  signal 
charge  at  a much  slower  rate.  This  results  in  a smearing  of  the  input  signal. 
BCCD's  experience  less  CTI  from  traps  than  SCCD's  because  the  bulk  traps  are 
less  dense  than  the  interface  state  traps. 

In  order  to  reduce  the  CTI,  it  is  common  practice  to  continuously  input  an 
amount  of  charge  which  will  fill  up  the  traps.  This  allows  the  signal  charge 
to  transfer  down  the  CCD  and  not  encounter  any  empty  traps.  This  background 
bias  charge  is  referred  to  as  "fat  zero"  in  SCCD's  and  "slim  zero"  in  BCCD's. 
The  amount  of  fat  or  slim  zero  is  given  in  % of  the  full  well  electrons. 

The  use  of  fat  or  slim  zero  reduces  the  number  of  full  well  electrons  that 
can  be  used  for  signal  charge.  To  obtain  the  best  CTE  from  a CCD  some 
reduction  in  the  input  signal  sample  range  must  be  made. 

4.3.2  Typical  Parameters 

SCCD's  t^ically  require  about  10-15%  fat  zero  to  fill  the  interface  state 
traps.  The  number  of  electrons  required  to  fill  the  bulk  traps  is  less  and 
therefore  the  slim  zero  level  for  BCCD's  is  usually  between  5%  and  10%.  The 
relationship  of  fat  or  slim  zero  to  CTE  depends  on  the  device.  The  range  of 
fat  (10-15%)  and  slim  (5-10%)  zero  given  above  was  obtained  from  the  published 
literature.  The  corresponding  levels  given  for  CTE  are  0.9999  for  SCCD's  and 
0.99999  for  BCCD's. 

Since  charge  transfer  efficiency  is  a function  of  background  charge,  it  is 
desirable  to  obtain  a functional  relationship  between  the  two.  The  fraction 


of  signal  lost  in  passing  through  a CCD  as  a function  of  background  charge 
for  SCCD's  and  BCCD's  has  been  measured, He]  The  fraction  of  signal  lost  is 
related  to  charge  transfer  inefficiency  (CTI)  as  follows: 


CTI 


Fraction  of  Signal  Lost  in  CCD 
Number  of  Transfers 


( 5) 


For  Tompsett's  results,  the  number  of  transfers  is  256  stages  x 3 phases  per 
stage  or  768.  Figure  46  shows  the  measured  results  and  the  linear  piecewise 
approximation  made.  The  expressions  used  for  the  linear  approximation  are 
shown  below. 


SCCD 

Section 
of  Curve 

A 

B 

C 

D 

BCCD 

Section 
of  Curve 

E 

F 

G 


Background 
Charge  {%) 


Background 
Charge  {%) 


Signal  Fraction 
Lost  (%) 

28 

-21x  + 112 
-.8x  + 11 
3 


Signal  Fraction 
Lost  (%) 

-1.25X  + 8.9 
-.16x  + 4.5 
2.2 


CTI 


3.6  * 10'^ 

-2.7  * 10'^  +1.4*  10'^ 
-1 .0  * 10'^  + 1.4  * 10"^ 


3.9  * 10 


CTI 


-5 


-1.6  * 10"^  + 1.1  * 10'^ 
-2.1  * 10'®  + 5.8  * 10"^ 


2.8  * 10 


-5 


Tompsett's  results  give  a good  indication  of  the  CTI/background  charge 
relationship.  However,  his  results  are  not  definitive,  A fat  zero  of  10% 
for  a SCCD  gave  the  same  CTE  as  a slim  zero  of  1%  for  a BCCD;  CTE  = .999961. 

These  results  are  good  for  a SCCD,  but  poor  for  a BCCD. 

4.3.3  Simulation  - Model 

The  simulated  device  is  a two-phase  CCD,  as  shown  in  Figure  41.  The  second 
and  fourth  gates  in  each  stage  function  are  the  storage  gates.  The  first 
and  third  gates  act  as  barriers  to  prevent  the  backward  flow  of  charge.  Due 

to  the  gate  functions,  only  the  second  and  fourth  gates  need  to  be  simulated 

as  long  as  the  charge  transfer  direction  is  correct.  The  simulation  has 
the  device  type  specified  (SCCD  or  BCCD)  as  indicated  in  Section  4.2.3.  The 
simulation  gives  the  option  of  either  specifying  the  CTI  as  a parameter  or 
by  specifying  a percent  of  background  bias  charge  which  then  computes  the 
CTI.  Typical  values  for  CTI  as  a function  of  background  charge  percentage 
derived  from  the  linear  approximation  in  Figure  46  are  given  in  Table  27. 
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TABLE  27.  TYPICAL  VALUES  OF  CTI 


CCD  TYPE 

% OF  BACKGROUND  CHARGE 

CTI 

SCCD 

2.0 

3.60 

★ 

10"^ 

SCCD 

4.5 

1.85 

★ 

10"^ 

SCCD 

7.5 

6.50 

★ 

10-5 

SCCD 

11.0 

3.89 

★ 

10-5 

BCCD 

2.0 

7.80 

* 

10-5 

BCCD 

7.0 

4.33 

★ 

10-5 

BCCD 

9.0 

3.91 

"k 

10-5 

BCCD 

14.0 

2.80 

k 

10-5 

4.4  NOISE  SOURCES 
4.4. 1 Transfer  Noise 

When  a charge  packet  is  transferred  from  one  potential  well  to  the  next  a 
small  amount  of  charge  is  left  behind,  as  discussed  in  Section  4.3.  On  the 
average,  this  amount  is  the  CTI  (e)  times  the  number  of  carriers  in  the 
charge  packet  (Ns).  Each  charge  packet  is  subject  to  two  fluctuations 
about  this  average  at  each  transfer.  One  fluctuation  is  associated  with  the 
charge  left  behind  by  the  previous  packet  and  the  other  is  associated  with 
the  charge  lost  to  the  subsequent  packet.  The  two  fluctuations  combine  for 
each  chat^ge  packet  into  a single  fluctuation  with  a variance  of  2eNs.[17] 

This  transfer  noise  is  primarily  due  to  variations  in  the  channel  conductance 
and  the  statistical  emission  of  electrons  across  a barrier.  These  variations 
are  due  to  fabrication  anomalies,  clock  voltage  variations,  and  clock  timing 
fluctuations  The  variance  of  transfer  noise  is  dependent  upon  the  number  of 
electrons  in  a potential  well;  therefore,  DC  and  low  frequency  signals  will 
have  a transfer  noise  variance  distribution  which  is  narrow  compared  to  that 
of  a high  frequency  signal.  The  frequency  content  of  transfer  noise  will  be 
high  for  high  frequency  signals. 

The  RMS  level  of  the  transfer  noise  (ox)  is  given  by; 

Ctr  = 

Typical  values  of  transfer  noise  are  given  below  for  maximum  signal  electrons 

(Ng). 

TYPE  e Ns_  OTR  (ELECTRONS) 


SCCD 

1*10"^ 

4.95*10^ 

99.4 

SCCD 

1*10-^ 

3.29*10^ 

81.1 

BCCD 

1*10-5 

2.47*10^ 

22.2 

BCCD 

1*10-5 

1.64*10^ 

18.1 
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4.4.2  Thermal  Shot  Noise 


Since  a CCD  is  normally  operated  in  deep  depletion,  there  is  a thermal 
generation  of  electrons  which  will  re-establish  an  equilibrium  condition. 

These  electrons  generated  as  a function  of  time  are  referred  to  as  "dark 
current".  There  is  an  average  dark  current  with  spatial  variations  described 
in  Section  4.5.  Associated  with  this  is  a thermal  shot  noise  with  a variance, 
asN^.  of:[18] 


Jd  A K2 
^ ^c 


( 6) 


p 

where:  Jp  = Dark  Current  Density  (A/cm  ) 

A = Area  of  Potential  Well  (cm^) 
q = Electron  Charge  (Faraday) 
f^  = Clock  Frequency  (H^) 

K2  = (1.0363*10’^) 

Thermal  shot  noise  is  completely  uncorrelated  from  charge  packet  to  charge 
packet  and  this  results  in  a white  frequency  spectrum.  The  thermal  shot 
noise  variance  increases  as  temperature  due  to  the  dark  current  density  (Jq) 
increase  with  temperature.  Substituting  the  following  parameters  in 
Equation  (6): 

Jp  = 2*10-9  A/cm^ 

A = 1.29*10'^  cm^  (2  mil^) 

K2  = 1.0363*10"^ 
q = 1.64*10"^^  Faraday 

we  obtain  the  following  values  for  in  electrons. 


f^  (Hz)  (ELECTRONS) 


1,000  12.7 

10,000  4.0 

100,000  1.3 

4.4.3  Trap  Noise 

SCCD  interface  state  traps  and  BCCD  bulk  traps  capture  signal  charge  and  then 
release  the  captured  charge  back  into  the  CCD  channel  as  described  in  Section 
4.3.  There  will  be  fluctuations  in  the  total  number  of  carriers  (signal 
charge)  trapped  at  any  instant  of  time.  These  fluctuations  cause  a SCCD  trap 
noise  with  variance  ajp  [17]  of: 

o^p  = .7  k T Ng^  A (7) 
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where:  k = Boltzmann's  constant  (eV/°K) 

T = Temperature  (°K) 

Nss  = Density  of  Fast  States  (cm^  - eV)"^ 

A = Area  of  Potential  Well  (cm^) 

The  variance  of  the  trap  noise  for  BCCD  is  about  1/5  the  variance  described 
by  equation  ( 7). [19]  This  is  due  to  the  lesser  density  of  bulk  traps 
compared  to  interface  state  trap. 

A typical  trap  noise  level  can  be  obtained  by  letting, 


k = 8.617*10’^  eV/°K 

T = 300  °K 

Nss  " - eV)’^ 

A = 1.29*10"^  cm^ 


to  give  ajp  = 48.3  electrons. 
4.4.4  Input  Noise 


The  amount  of  noise  introduced  at  the  input  strongly  depends  on  the  input 
technique.  Noise  results  from  fluctuations  in  the  associated  voltage  levels, 
the  pulse  width  that  determines  the  amount  of  charge  injected,  the  dynamic 
setting  of  charge,  the  distribution  of  signal  charge,  and  capacitive  pick-up 


from  clock  pulses.  The  lowes 
variance  approaching:[9] 


The  lowest-noise  input  technique  has  produced 


°IN^  " ^2  ^ 3 *^3  ^^i^ 


where:  q = Electron  Charge  (Coulomb) 

K3  = eV  ^ Coulomb-Volt  (1.602*10'^®) 

k = Boltzmann's  Constant  (eV/°K) 

T = Temperature  (°K) 

C.j  = Input  Capacitance  (Farad) 

The  input  noise  RMS  electrons  are  typically  33  for  the  following 
parameters. 
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where:  q 

= 1.602*10  Coulomb 

*^3 

= 1.602*10'^^ 

k 

= 8.617*10"^  eV/°K 

T 

= 300  °K 

Ci 

= 1*10'^^  Farad 

4.4.5  Output  Noise 

The  noise  at  the  output  depends  directly  upon  the  output  technique.  Although 
floating  gate  and  MOSFET  outputs  can  theoretically  be  expected  to  be  the 
least  noisy,  most  CCD  outputs  have  noise  measured  at  the  level  predicted  for 
floating  diffusion  and  RC-bandwidth  limited  outputs. [10]  This  noise  level  is 
thermal  RC  noise  whose  variance  is  the  same  as  that  given  for  the  input  noise 
variance.  Typical  RMS  electrons  are  about  100  to  180,  which  is  higher  due  to 
higher  capacitance. 

4.4.6  Miscellaneous  Noise 

Clock  noise  is  not  clock  feedthrough  at  the  fundamental  clock  frequency,  but 
is  essentially  white  noise  in  the  signal  frequency  spectrum.  This  noise 
source  is  suspected  to  be  due  to  feed-through  capacitance  of  the  clock 
voltage  to  floating  diffusions.  There  has  been  little  discussion  in  the 
literature  of  this  noise  and  no  quantitative  measurements. [20] 

1/f  noise  has  been  predicted  to  be  absent  in  CCD's  [17]  and  has  not  been 
observed.  1/f  noise  is  present  in  MOSFET's  and  will  contribute  to  the 
overall  noise  if  they  are  used  at  the  output  of  CCD's. 

4.4.7  Simulation  - Model 

Transfer,  thermal  shot,  trap,  input,  and  output  noise  is  incorporated  in  the 
simulation.  The  standard  deviation  (RMS  electrons)  for  the  noise  sources 
are  those  described  in  the  respective  sections.  Rather  than  adding  the  noise 
effects  in  at  the  output,  they  are  incorporated  where  they  would  occur  in  an 
actual  device.  The  transfer,  thermal  shot,  and  trap  noise  is  added  in  at  each 
transfer.  The  noise  is  Gaussian  with  standard  deviation  determined  separately 
for  each  noise  source. 

The  transfer  noise  standard  deviation  depends  upon  the  CTI(e)  which  is 
incorporated  in  the  simulation  as  described  in  Section  4.3.3.  The  number  of 
carriers  in  a charge  packet  (Ns)  changes  at  each  transfer,  therefore,  the 
variance  is  changed  at  each  transfer  in  the  simulation. 

The  thermal  shot  noise  standard  deviation  is  a function  of  dark  current 
density  (Jg)  whose  average  value  is  determined  in  the  simulation  and  described 
in  Section  4.5.  Potential  well  area  (A)  and  clock  frequency  are  simulation 
inputs. 

Trap  noise  standard  deviation  depends  upon  potential  well  area  (A)  and 
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temperature  (T)  which  are  simulation  inputs.  The  density  of  fast  states 
(Nss)  is  incorporated  in  the  simulation. 

Input  and  output  noise  standard  deviation  requires  temperature  (T)  as  a 
simulation  input.  The  input  capacitance  (.01  pF)  and  output  capacitance 
(.1  pF)  are  incorporated  in  the  simulation. 

4.5  DARK  CURRENT 


4.5.1  Description 

Since  a CCD  is  normally  operated  in  deep  depletion  there  is  a thermal 
generation  of  electrons  which,  with  time,  will  reestablish  an  equilibrium 
condition  (dark  current).  Thermal  generation  of  electrons  originate 
principally  from  three  sources;  the  bulk  depletion  region,  the  neutral  bulk, 
and  the  Si-Si02  interface. 

The  dark  current  density  in  amp/cm^  due  to  generation  in  the  bulk  depletion 
region  (Jgd)  is  given  by: 

1 q n.  X , 


where:  q = Electron  Charge  'Faraday  F) 

-3) 

n-  = Intrinsic  Carrier  Concentration  (cm  ' 

Xj  = Depletion  Width  (cm) 
tj  = Carrier  Lifetime  (sec.) 

The  dark  current  density  due  to  generation  in  the  neutral  bulk  (Jql)  is  given 
by:  ^ 

"i^  '-n 

where:  = Carrier  Diffusion  Length  (cm) 

N[^=  Density  of  Recombination-Regeneration  Centers  in  the  Bulk  (cm"3) 

The  dark  current  density  due  to  generation  at  the  Si-Si02  interface  (Jgs)  is 
given  by: 


. "1  ='1  ''th  "st 


where:  aj  = Trap  Capture  Cross  Section  (cm^) 

Vth  = Carrier  (Electron)  Thermal  Velocity  (cm/s) 

N t = Concentration  of  Recombination-Regeneration  Centers  at  the 
interface  (cm"2) 
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The  total  dark  current  density  (Jq)  is: 

Jn  = J^  + J+J  (12) 

D gd  gn  gs  ' ' 

The  dark  current  density  is  temperature  dependent  due  to  the  temperature 
dependence  of  the  intrinsic  carrier  concentration  (ni)-  The  functional 
relationship  between  n-j  and  temperature  has  been  empirically  determined  to 
be:[21] 

n.  = 1.5  * 10^^  T^  exp  (13) 

where:  T = Temperature  (°K) 

k = Boltzmann's  Constant  (eV/"K) 

This  expression  is  valid  down  to  250  ”K.[22]  Below  this  temperature,  the 
carrier  concentration  reaches  a fixed  level  (exhaustion  region). [23] 

Spatial  variation  in  dark  current  generation  is  primarily  due  to  spatial 
variation  of  interface  recombination-regeneration  centers  (Nst)>  Njt  can 
range  between  1*10^  to  1*10^1  cm'^.  Good  control  over  device  processing 
variables  leads  to  a Rayleigh  distribution  of  Nst  skewed  toward  values  of 
1*10^  (cm"2).  This  leads  to  a reduction  in  average  dark  current  generation 
and  to  a minimization  of  dark  current  variations. 

The  dark  current  leads  to  a collection  of  electrons  in  a potential  well 
according  to: 

Ju  A 

# of  Electrons  = „ 


where:  A = Area  of  Potential  Well  (cm2) 
fj,  = Clock  Frequency  (Hz) 

Typical  values  for  dark  current  calculations  are: 


q 

= 1.64 

C\J 

1 

o 

"i 

= 1.6 

*10^°  cm 

^d 

= 1 * 

10  ^ cm 

td 

= 1 * 

10'^  s 

^n 

= 5.6 

* 10’^  cm 

N 

= 5 * 

10^^  cm‘^ 

a-p  = 1 * 10"^^  cm^ 
Vj.^  = 8*10^  cm/s 

= 1 * 10^*^  cm’^ 

A = 1.29  * 10'^  cm^ 
f^  = 1 * lo'^  Hz 
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These  values  give; 


Jgd  =1.27  nA/cm^ 

Jgn  = .046  nA/cm^ 

Jg^  = 10.18  nA/cm^ 

The  total  dark  current  density  is: 

Jq  = 11 .496  nA/cm^ 

and  the  number  of  elections  in  the  potential  well  is  81.8. 

4.5.2  Simulation  - Model 

The  dark  current  calculations  require  as  inputs;  temperature,  potential  well 
area,  and  clock  frequency.  All  other  variables  are  contained  in  the  simulation. 

Figure  47  shows  experimental,  calculated,  and  simulation  dark  current  density 
as  a function  of  temperature. [24] 


TCC) 


lOOO/T  (®K*') 

Calculated  [24] 

X X Measured  [24] 

• • Simulation  Characteristics 


F 


FIGURE  47  . DARK  CURRENT  DENSITY  AS  A FUNCTION  OF  TEMPERATURE 

102 


1 


As  Figure  47  i?idicates  the  dark  current  density,  as  simulated,  closely 
follov;s  experimental  measurements  down  to  -20°C  (250°K).  At  lower  temperatures 
the  simulation  start  to  deviate  as  discussed  in  Section  4.5.1  (Equation  13). 

For  temperatures  below  -40°C  the  dark  current  density  in  the  simulation  is 
constatit. 

The  number  of  electrons  that  fill  the  potential  wells  due  to  dark  current  is 
a function  of  time  (clock  frequency).  Figure  48  is  the  result  of  simulation 
runs  showing  the  effects  of  temperature  and  clock  frequency  on  dark  current 
density  (Jg)  and  number  of  electrons  per  well. 

4.5.3  Reduction  of  Dark  Current 

Cooling  can  be  used  to  drastically  reduce  the  dark  current  density.  Section 
4.5.2  shows  that  cooling  the  CCD  to  -20‘’C  from  room  temperature  results  in 
two  orders  of  magnitude  reduction  in  dark  current  density.  CCD's  as  IR 
detectors  and  CCD's  for  signal  processing  from  IR  detectors  are  under 
development  by  many  comoanies.  Cooling  containers  developed  for  IR  systems 
are  commercially  avail ible  [25]  and  could  be  used  for  cooling  CCD  signal 
processing  sub-systems  to  desired  temperatures. 

Dark  current  density  can  also  be  reduced  by  adequately  controlling  the 
fabrication  process.  In  particular,  the  largest  contributor  to  the  total 
dark  current  density  is  the  interface  dark  current  density.  This  source  cr-n 
be  reduced  by  reducing  the  number  of  recombination-regeneration  centers  at 
the  interface.  This  is  accomplished  by  choosing  the  optimum  type  of  silicon 
and  the  type  of  oxidation,  and  using  the  proper  annealing  procedures. 

Another  method  of  reducing  the  effects  of  dark  current  is  to  subtract  the 
accumulated  background  charge  from  the  charge  packets.  This  technique  should 
be  made  adaptable  to  changes  that  increase  in  temperature  and  clock  period 
and  be  sensitive  to  differences  in  dark  current  densities  from  device  to 
device. 

4.5.4  Radiation  Effects 

The  most  serious  limitation  on  CCD  performance  is  the  increased  dark  current 
density  levels  which  are  observed  in  the  neutron  environment.  Indications 
are  that  BCCD's  are  superior  to  SCCD's  in  an  ionizing  radiation  environment. 
Transfer  efficiency  is  also  worse  for  SCCD's  at  lower  radiation  levels. [26] 
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4.6  CCD  INPUT  SAMPLING 


The  input  sampling  technique  used  in  CCD's  is  critical  to  their  performance. 
An  important  problem  is  attaining  a charge  packet  in  the  CCD  which  is  a linear 
function  of  the  input  signal  amplitude.  In  addition,  the  sampling  process  in 
CCD's  will  have  the  same  general  specifications  applicable  to  analog-to- 
digital  converters. 

4.6.1  Input  Structure  and  Linearity 

Figure  49  shows  a typical  CCD  input  structure.  It  is  characterized  by  a 
diffusion  source  of  electrons  and  perhaps  two  input  sampling  gates  which 
transfer  the  desired  charge  to  the  potential  well  formed  by  clock  voltage 
0-] . If  a signal  is  applied  directly  to  the  source  and  is  strobed  into  the 
CCD  by  pulsing  the  gates,  the  result  is  inherently  non-linear.  Although 
there  are  other  variations,  the  technique  which  has  provided  the  best 
linearity,  of  up  to  50  percent  of  the  full  potential  well,  is  called  the 
"fill  and  spill"  method. [8-20]  In  this  technique,  the  signal  is  applied  to 
the  first  gate  Gi , and  a DC  level  or  the  signal  is  placed  on  the  second 
gate  G2.  A sampling  pulse  applied  to  the  source  will  inject  an  excess  of 
charge  into  the  device.  As  the  clock  voltage  and  pulse  is  removed,  the 
excess  charge  is  extracted  from  the  CCD,  limited  by  the  signal  gate  potential. 

A method  has  been  suggested  [27]  which  uses  a feedback  approach  to  achieve  a 
linear  input  to  a CCD.  In  this  method,  a tap  is  placed  after  the  input  gates 
which  senses  the  magnitude  of  the  sampled  charge.  The  tap  output  is  fed 
back  to  a differential  amplifier  which  subtracts  the  tap  value  from  the 
input.  The  resultant  is  fed  to  the  signal  gate  of  the  CCD.  During  a sample 
interval,  the  sampled  charge  is  thus  forced  to  be  proportional  to  the  input 
sample  value.  Although  this  method  greatly  increases  the  linear  range  of 
the  full  potential  well,  its  bandwidth  capability  for  wideband  applications 
is  limited. 


1 
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SOURCE 

DIFFUSION 


Lznrb  Q-: 


FIGURE  49. 


4.6.2  Sampling  Aperture 

As  discussed  generally  in  Section  3,  the  input  sampling  aperture  will 
affect  the  bandwidth  performance  of  the  CCD.  This  is  analogous  to  the 
sampling  aperture-resolution  requirements  of  A/D  converters.  The  accuracy 
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of  the  sampling  process  will  be  determined  to  a large  extent  by  the  width 
of  the  sampling  aperture.  In  specifying  sampling  aperture  in  an  A/D 
converter,  a conventional  approach  is  to  limit  the  signal  excursion  to  less 
than  one-half  the  least  significant  bit  during  the  sampling  aperture.  This 
specification  sets  the  aperture  size  limit,  6,  to  approximately  (Tn/Z^'l) 
where  Tp  is  the  period  of  the  highest  frequency  to  be  sampled  and  N is  the 
number  of  quantization  bits. 

If  we  consider  only  the  bandwidth  capabilities  of  the  sampling  aperture,  the 
3 dB  bandwidth  can  be  determined  by  the  frequency  response; 


This  yields  6/Tp  = .22.  It  is  thus  apparent  that  the  bandwidth  criterion  is 
much  less  restrictive  of  the  sampling  aperture  than  the  conventional  sampling 
noise  criterion  for  A/D  converters.  The  key  issue  is  the  magnitude  of  the 
uncertainty  in  the  sample  amplitude  created  by  the  sampling  aperture.  If 
the  aperture  acts  as  a pure  signal  average,  no  noise  is  introduced.  However, 
if  the  charge  injection  varies  depending  upon,  for  example,  whether  the  slope 
of  the  signal  is  positive  or  negative,  then  a sampling  error  signal  will 
occur.  This  error  signal  will  act  as  a noise  added  to  the  signal  and  if 
high  enough  could  degrade  the  signal-to-noise  ratio  of  the  processor.  No 
sampling  error  signal  was  derived  during  the  study  and  none  was  included  in 
the  CCD  simulation. 

4.6.3  CCD  Input  Model 

The  CCD  input  model  used  for  the  simulation  included  the  effect  of  non- 
linearities  and  sampling  aperture.  A piecewise  linear  approximation  to  the 
input,  based  upon  measured  values,  is  shown  in  Figure  50  • Harmonic  analysis 
of  signals  passed  through  the  input  with  the  two  distortion  conditions  gave 
the  following  results. 


INPUT  RANGE 

A,B,C 

A,B 


SECOND  HARMONIC 

-13  dB 
-13  dB 


THIRD  HARMONIC 

-18  dB 
-24  dB 


These  distortion  levels  were  too  high  to  consider  anything  other  than  the 
linear  operating  range,  A.  With  the  linear  region  covering  only  4/28  = 14% 
of  the  full  well,  the  total  dynamic  range  is  limited.  For  the  simulations,  a 
2.0  percent  background  bias  charge  was  used,  further  reducing  the  signal 
range. 
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ELECTRONS  NORMALIZED  TO  FULL  WELL 


I.O 


FULL  WELL  ELECTRONS 


FIGURE  50.  MEASURED  INPUT  TRANSFER  CHARACTERISTICS 
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4.7  DYNAMIC  RANGE 


The  dynamic  range  of  a device  can  be  defined  as  the  ratio  of  the  peak  to 
peak  signal  before  saturation  to  noise.  In  a CCD  processor  one  can  define 
two  dynamic  ranges,  the  dynamic  range  of  the  signal  into  the  CCD  and  the 
dynamic  range  at  the  output  of  the  CCD  after  signal  integration.  Thus  the 
output  circuitry  must  generally  handle  a higher  dynamic  range  than  the 
input. 


[ 


The  dynamic  range  of  the  signal  at  the  input  to  the  CCD  will  be  limited  by 
the  background  bias  charge  and  the  linear  operating  range  of  the  input 
technique  on  the  high  side  and  thermal  or  CCD  device  self  noise  on  the  low 
side. 

The  linear  range  of  the  CCD  modeled  in  the  simulation  is  14  percent  of  the 
total  number  of  full-well  electrons  or  4.57  x 10^  electrons.  The  maximum 
peak-to-peak  signal  is,  therefore,  2.28  x 10^  electrons.  The  rms  total 
number  of  electrons  identified  for  typical  CCD  noise  sources  from  Section  4.4 
is  about  160  electrons  including  those  due  to  the  output  amplifier  noise. 

Under  this  condition  the  nominal  dynamic  range  at  the  output  is  83  dB  for  a 
tapped  delay  line  case  and  103  dB  for  a filter  with  a 20  dB  gain.  These 
values  will  vary  with  temperature,  bandwidth,  clock  rate  and  the  gain  of  the 
filter.  It  should  be  noted  that  the  model  of  the  CCD  does  not  include  the 
effect  of  increasing  thermal  noise  in  the  output  amplifier  as  signal  band- 
width is  increased.  An  analysis  of  the  bandwidth  related  thermal  noise  [8-17] 
shows  that  at  a 5 MHz  bandwidth,  this  noise  source  will  typically  be  only  6 
electrons.  It  will,  therefore,  not  become  a factor  in  the  overall  CCD 
noise  until  the  bandwidth  is  above  100  MHz. 

It  will  be  shown  in  the  results  of  the  operation  of  the  CCD  at  low  clock 
rates  ,creati ng  storage  times  of  the  order  of  one  second  or  above, that  the 
effective  dynamic  range  will  be  greatly  reduced  by  the  build  up  of  dark 
current.  Some  reduction  in  CCD  operation  will  also  be  due  to  the  background 
bias  charge  introduced  to  increase  the  transfer  efficiency. 

4.8  TAP  WEIGHT  ACCURACY 


The  performance  level  of  a CCD  transversal  filter  will  depend  in  large 
measure  on  the  achievable  accuracy  of  the  tap  weights.  Tap  weight  errors 
will  increase  the  achievable  sidelobe  levels  in  generally  the  same  ratio  of 
the  fractional  errors.  That  is,  errors  of  one  percent  can  be  expected  to 
have  an  rms  sidelobe  noise  contribution  of  about  -50  dB.  The  peaks  will  be 
at  a level  of  about  -40  dB.  Thus,  tap  errors  of  one  percent  are  generally 
associated  with  -40  dB  sidelobe  levels. 


Tap  weight  errors  in  CCD's  will  be  caused  by  the  basic  mask  resolution,  mask 
misalignment,  charge  transfer  efficiency  and  non-uniform  charge  distribution 
Non-uniform  charge  distribution  is  due  to  the  non-ideal  nature  of  a split- 
gate  tap.  That  is,  the  computation  of  gate  dimension  assumes  a square  gate 
size,  but  edge  effects  on  the  gates  effectively  rounds  the  edges  creating  a 
slight  error  in  gate  capacitance.  The  latter  three  causes  are  not  generally 
considered  to  be  of  major  importance.  However,  measurements  of  tap  weight 
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errors  on  a split-gate  transversal  filter  at  RCA  showed  tap  weight  errors 
which  ranged  up  to  a maximum  of  6 percent  with  a standard  deviation  of 
1.75  percent.  The  simulation  has  included  consideration  of  tap  weight  errors 
from  .1  to  10  percent. 

4.9  SIGNAL  ISOLATION 

4.9.1  Potential  Well  Isolation 

It  is  important  that  the  charge  stored  in  a potential  well  is  influenced 
only  by  its  own  and  neighboring  control  gates  to  prevent  crosstalk  and 
undesirable  losses.  This  is  assured  by  surrounding  the  CCD  channel  with  a 
potential  barrier  preventing  the  leaking  of  charge  from  the  well  in  the 
transverse  direction  as  shown  in  Figure  51.  This  barrier  also  prevents 
clock  busses  from  interferring  with  the  signals  in  the  wells.  Well  to  well 
isolation  along  the  CCD  channel  is  controlled  by  the  gate  clock  signals. 


CLOCK  BUS 

h 


CHANNEL 


FIGURE  51.  CCD  CHANNEL  ISOLATION 

4.9.2  Input-Output  Feedthrough 

CCD  delay  lines  often  exhibit  direct  coupling  from  the  input  signal  to  the 
output.  This  can  be  due  to  two  causes.  If  the  clock  signals  and  input 
sampling  pulse  are  not  timed  properly,  it  may  allow  the  input  charge  to 
propagate  directly  through  the  CCD.  This  is  an  unusual  condition  and  will 
only  be  observed  with  a control/clock  timing  drift  or  failure.  Parasitic 
capacitance  on  the  CCD  package,  wire  bonds  or  external  circuitry  can 
provide  a direct  coupling  from  the  input  to  the  output.  This  problem  can  be 
aggravated  by  the  use  of  dual-in-line  packages  which  have  parallel  closely 
spaced  leads. 

4.9.3  Clock  Feedthrough 

The  CCD  output  structure  whether  a signal  is  developed  from  the  drain  or  a 
floating  gate  is  such  that  clock  feedthrough  is  inherent  in  the  process.  No 
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output  technique  has  been  reported  which  eliminates  feedthrough.  The  clock 
signal  must,  therefore,  be  cancelled  or  filtered.  These  processes  may  be 
aided  by  the  incorporation  of  clock  drivers  and  controls  on  the  CCD  chip. 


The  problem  of  clock  filtering  is  relatively  straightforward  in  applications 
where  the  sample  rate  is  much  greater  than  the  signal  bandwidth.  However, 
in  applications  such  as  binary  coded  correlators  the  clock  signal  may  be 
identical  to  the  code  rate.  In  these  cases,  the  clock  can  only  be  removed 
by  cancellation.  Experiments  have  been  performed  [28]  using  sine  wave  clocks 
for  operation  of  CCD's  at  frequencies  as  high  as  100  MHz.  The  sine  wave 
clocks  may  not  provide  maximum  transfer  efficiency  but  since  they  contain  no 
significant  spectral  components  beyond  the  fundamental  they  are  relatively 
easy  to  cancel.  On-chip  cancellation  can  also  improve  performance  since  the 
on-off  chip  driving  creates  slight  mismatches  in  the  clock  signals  which  lead 
to  high  clock  spikes.  A sample-and-hol d operation  after  clock  cancellation 
can  be  used  to  remove  the  spikes. 

4.10  PATTERN  NOISE 

Pattern  noise  is  defined  as  the  stationary  or  reproducible  irregularities 
encountered  in  the  operation  of  a CCD.  This  noise  will  vary  within  a given 
CCD  as  a function  of  temperature  and  time  and  among  devices  of  the  same  type. 

4.10.1  Dark  Current  Variation  Within  CCD 

A large  source  of  pattern  noise  is  the  variation  of  dark  current  among  the 
CCD  stages.  This  variation  can  be  more  than  two  orders  of  magnitude  from 
stage  to  stage.  The  CCD  simulation  is  programmed  to  give  a variation  which 
is  Rayleigh  distributed.  This  variation  will  be  amplified  with  increasing 
temperature  and  CCD  storage  time.  Values  range  from  2 to  as  high  as  100  na/cm^ 
which  typical  values  around  10  na/cm2. 

4.10.2  Pattern  Noise  From  Device  to  Device 

Variations  in  characteristics  from  device  to  device  can  adversely  affect  the 
performance  of  a system  where  multiple  CCD's  are  used  or  when  devices  are 
replaced  due  to  failures.  CCD  parameters  which  can  be  expected  to  vary  from 
device  to  device  include  the  input  structure  linearity,  tap  weight  errors, 
charge  transfer  efficiency  and  temperature  coefficients. 

4.11  CCD  CHARACTERISTICS  - SUMMARY 

Tables  28  and  30  list  a summary  of  key  CCD  developments  reported  in  the 
literature.  A short  summary  of  extremes  is  listed  in  Table  28,  and  a more 
complete  listing  is  given  in  Table  30.  The  CCD  simulation  program  results 
have  been  correlated  with  these  general  results  to  assure  conformity. 

Table  29  summarizes  the  noise  sources  with  their  mean,  variance  and 
distribution  as  incorporated  in  the  CCD  simulation. 
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TABLE  28.  SUMMARY  OF  REPORTED  CCD  CHARACTERISTICS 

910 

1 * 10"^ 

180  MHz 

1,5  0 25'’C 

CM"^ 

75  dB 

-45  dB 

Distribution 
Gaussian 

Gaussian 

Gaussian 

Gaussian 

Gaussian 

Rayleigh 
(Jgs  Term 

Only) 

* See  Section  4,5  for  Expanded  Equation. 
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“ Maximum  Number  of  Stages 
° Minimum  Transfer  Inefficiency 
° Maximum  Sample  Rate 
° Minimum  Dark  Current  Density 
° Maximum  Dynamic  Range 
° Minimum  Harmonic  Distortion 

TABLE  29.  CCD  NOISE  SOURCES  IN  SIMULATION 


Noise  Source 

Input/Output 

Mean 

0 

Variance 

2K3  K TC./g^ 

Shot 

0 

Jd  a K2/g  f. 

Trap 

0 

•7K  T Nss  A 

Filter  Tap  Weights 

Transfer 

Dark  Current* 

Weight  Value 

0 

J=J_ 

gd  gn  gs 

(Percent  Error) 

2 e Ns 

J^/(tt/2) 

TABLE  30.  SUMMARY  OF  REPORTED  CCD  CHARACTERISTICS 


GLOSSARY  OF  CCD  TERMS 


A 

A° 

BCCD 

C 

Ci 

^ox 

CCD 

CTE 

CTI 

^ch 

''ox 

AV 

e 

eV 

^ox 

^si 


F 

‘'d 

''gd 

■'gs 

k 

K2 

^3 

Lp 

MOS 


"i 

nm 

N 


R 


Nc 


trap  capture  cross  section 

active  area  of  potential  well  (mil  ) 

angstrom  (10’'^  meter) 

buried  channel  CCD 

gate  capacitance 

CCD  input  capacitance 

MOS  gate  oxide  capacitance  per  unit  area 

charge  coupled  device 

charge  transfer  efficiency 

charge  transfer  inefficiency 

effective  thickness  of  channel  implant 

oxide  thickness 

two  phase  clock  voltage  bias 

charge  transfer  inefficiency  CTI 

electron  volt 

permitivity  of  silicon  dioxide 
permitivity  of  silicon 
clock  frequency 
Faraday 

2 

dark  current  density  (amperes/cm  ) 

dark  current  density  from  bulk  depletion 

dark  current  density  from  neutral  bulk 

dark  current  density  from  S^--S^.02  interface 

Boltzmans  constant  (8.617  x 10"^  eV/°K) 

1 8 

electrons  per  coulomb  (6.28  x 10  ) 

Faraday's  per  coulomb  (1.036  x 10"^) 

-1 9 

coulombs  per  electron  (1.602  x 10"  ) 

carrier  diffusion  length 
metal  oxide  semiconductor 
mi  cron 

intrinsic  carrier  concentration 
nanometer 

density  of  recombination  - regeneration  centers 
number  of  carriers  in  a charge  packet 
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density  of  fast  states 

concentration  of  recombination  - regeneration  centers  at  tne 
interface 

picofarad 

electron  charge  (1.602  x 10*'^  coulomb,  1 . 64  x F) 

charge  stored  in  CCD  potctitial  well  (electrons) 

silicon-silicon  dioxide 

surface  channel  CCD 

rms  input  noise 

rms  shot  noise 

rms  trap  noise 

rms  transfer  noise 

carrier  lifetime 

temperature  (°K) 

carrier  thermal  velocity 

vol  ts 

pulse  potential  applied  to  CCD  gate  with  respect  to  adjacent  cute 
carrier  lifetime 
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5.  SIMULATION  DEVELOPMENT 


5.1  SIMULATION  SOFTWARE  ORGANIZATION 

The  simulation  software  was  written  in  modular  form  with  over  21  subroutines 
for  each  device  simulation.  The  reason  for  a large  number  of  subroutines 
is  that  the  program  was  designed  to  be  run  on  a mini -computer  with  at  most 
28K  of  memory.  This  modularity  allows  for  extensive  overlaying  as  well  as 
ease  of  debugging  and  changing  of  the  program.  Figure  52  is  the  block 
diagram  of  the  overlay  structure  (i.e.,  the  sub-routines  residing  in  an 
overlay)  for  the  delay  line  and  tapped  delay  line.  The  main  program  is 
responsible  for  calling  in  the  overlays  and  maintaining  the  integrity  of 
comnon  areas.  Table  31  is  a brief  description  of  each  subroutine  referenced 
in  Figure  52  . 

Figure  53  is  a block  diagram  of  a linear  FM  matched  filter  which  was 
simulated.  Figure  54  is  the  corresponding  block  diagram  of  the  overlay 
structure  for  Figure  53  . Table  32  is  the  brief  descriptions  of  each 
subroutine  referenced  in  Figure  54. 

The  random  variables  used  by  the  program  were  generated  offline  onto  a mass 
storage  device  (magnetic  tape).  Only  standard  normal  random  variates  were 
generated  using  the  direct  approach  [29].  The  random  variates  used  by  the 
program  were  read  from  the  device  and  transformed  to  the  appropriate 
distributions. 

Table  33  is  a listing  of  the  program  questions  to  the  user  for  the  delay 
line  and  Table  34  is  the  corresponding  prompting  for  the  linear  FM  matched 
filter.  Appendix  A and  B are  the  listings  of  the  programs  for  each  device. 

The  devices  that  can  be  simulated  by  the  two  programs  are  a delay  line,  a 
tapped  delay  line,  and  a matched  filter.  The  delay  line  represents  a trans- 
formation of  the  form: 

g(nT)  = af(nT-NT) 

where  NT  is  the  delay  (time  spent  in  the  device),  T the  samoling  rate  and  a 
the  perturbation  due  to  the  device  (a=l  correspondence  to  a lossless  device). 
The  tapped  delay  line  (the  number  of  stages  is  equal  to  number  of  taps) 
represents  the  samples  of  a signal  being  weighted  and  summed, 

N 

g(nT)  = I a.  f(nT-iT) 
i = l ’ 

where  ai's  are  the  weights,  iT  the  i^^i  sample  of  the  signal  and  g(nT)  the  n^h 
output  of  a summer.  The  matched  filter  (convolver)  is  made  up  of  four  tapped 
delay  lines  whose  weights  have  been  chosen  to  be  samples  of  the  expected 
receive  signal  (weights  are  correlated/matched  in  some  manner  with  the 
expected  signal  samples).  Examples  of  weights  are  + 1 for  derivative  phase 
and  binary  phase  waveforms  .and  linear  FM  weights  (samples  of  sin/ cos). 
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*■  ' SIGNIFIES  THE 
NAME  OF  THE 
OVERLAY 


FIGURE  52.  block  DIAGRAM  OF  OVERLAY  STRUCTURE  FOR  SIMULATION  MODEL  OF 
DELAY  LINE  AND  TAPPED  DELAY  LINE 
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BW 


BW  = BANDWIDTH  OF  THE  SIGNAL 
Tp  = LENGTH  OF  THE  SIGNAL 


FIGURE  53.  BLOCK  DIAGRAM  OF  LINEAR  FM  MATCHED  FILTER 
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* ’ ' SIGNIFIES  THE  NAME  OF  THE  OVERLAY 


FIGURE  54.  BLOCK  DIAGRAM  OF  OVERLAY  STRUCTURE  FOR  SIMULATION  MODEL 

OF  LINEAR  FM  MATCHED  FILTER 
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TABLE  31.  A BRIEF  DESCRIPTION  OF  THE  SUBROUTINES  REFERENCED  IN  FIGURE  52 


1 


BINSTP  - Is  responsible  for  interrogating  the  user  as  to  the  structure  of  the 
CCD  (area,  length,  temperature,  etc.),  the  input  waveform  (duration,  amplitude, 
pulse/sinusoids,  etc.),  and  the  outputs  desired  for  each  run.  Table  33  gives 
the  questions  asked  by  the  subroutine. 

COEFFS  - Either  computes  the  tap  weights  for  a CW  signal  or  reads  in  the  tap 
weights  from  .DAT  slot  +4  for  an  arbitrary  transversal  filter.  Appendix  C 
gives  the  listing  of  a design  program  developed  in  [30]. 

CTI  - Computes  the  Charge  Transfer  inefficiency  (CTI)  for  either  buried  or 
surface  devices.  The  CTI  is  a function  of  background  charge. 

EPLOT  - Is  a general  plot  routine  which  plots  an  array  of  values  on  a scale 
of  0 to  100  dB  normalized  to  the  maximum  value  of  the  array. 

FILTER  - Computes  the  filter  response  by  summing  the  weighted  outputs  of  each 
cell  on  the  second  clock  pulse. 

FINDER  - Performs  bookkeeping  needed  for  multiple  runs.  That  is,  the  program 
has  the  ability  to  alter  two  of  six  variables. 

FRXFM  - Performs  a decimation  in  •'frequency  FFT. 

INITL  - Initializes  the  CCD  before  the  device  sees  the  input  signal. 

INPUT  - Forms  the  input  waveform.  The  user  has  the  option  of  no  signal,  pulse 
of  given  length  and  amplitude,  sinusoidal  of  given  length  and  amplitude.  The 
subroutine  changes  the  formed  input  from  voltage  to  electrons  with  either  a 
linear  transformation  or  a non-linear  transform. 

OUTP  - Converts  the  output  of  the  device  from  electrons  to  voltage  storing 
the  results  on  .DAT  Slot  +2.  The  sjbrcutine  is  also  responsible  for  the 
addition  of  the  output  noise. 

PLOT  - Is  a general  plot  routine  which  plots  out  linearly  a given  array  of 
data  on  a 132  column  line  printer.  It  is  used  in  the  program  to  plot  the 
input  and  output  responses  versus  time. 

PlCTI  - Is  a bookkeeping  routine  which  calculates  the  sampled  mean,  variance, 
ni’nimum  and  maximum  for  a specified  array  of  data. 

PRTVAL  - Calculates  the  means  a> u standard  deviations  for  the  CCD  noise 
sources. 

REPEAT  - Performs  bookkeep'ng  for  multiple  runs.  See  subroutine  FINDER. 


$D  - Calculates  the  cumulative  means  and  standard  deviations  for  the  normal 
noise  sources. 


SETUP  - Is  responsible  for  putting  the  data  in  proper  form  so  that  different 
outputs  maybe  obtained  (i.e.,  FFT,  weighting,  etc.). 


TABLE  31.  CONTINUED 


WGHT  - Performs  either  Hamming  or  Hanning  weighting  on  a specified  array  of 
data.  The  weighting  is  in  the  time  domain  to  allow  suppression  of  the 
si  delobes  in  the  frequency  domain. 


XRUN  - Performs  the  bookkeeping  of  transferring  the  electrons  from 
well  and  stage  to  stage.  The  bookkeeping  includes  the  addition  of 
different  noise  sources  and  dark  current. 
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TABLE  32.  A BRIEF  DESCRIPTION  OF  THE  SUBROUTINE  REFERENCED  IN  FIGURE  54 


BINSTR  - Is  responsible  for  interrogating  the  user  as  to  the  structure  of  the 
CCD  (area,  length,  temperature,  etc.),  the  input  waveform  (bandwidth,  duration 
phase,  amplitude,  etc.),  and  the  outputs  desired  for  each  run.  Table  34 
gives  the  questions  asked  by  the  subroutine. 

COEFFS  - Computes  the  tap  weights  to  match  a linear  FM  signal. 

CTI  - Computes  the  Charge  Transfer  I_nefficiency  (CTI)  for  either  surface  or 
buried  devices.  The  CTI  is  a function  of  background  charge. 

EPLOT  - Is  a general  plot  routine  which  plots  out  an  array  of  values  on  a 

scale  of  0 to  100  dB  normalized  to  the  maximum  value  of  the  array. 

FILTER  - Computes  the  filter  response  by  summing  the  weighted  outputs  of  each 
cell  on  the  second  clock  pulse. 

FINDER  - Performs  bookkeeping  needed  for  multiple  runs.  That  is,  the  program 
has  the  ability  to  alter  two  of  six  variables  of  the  CCD. 

FRXFM  - Performs  a decimation  in  frequency  FFT. 

INITL  - Initializes  the  CCD  before  the  device  sees  the  input  signal. 

INPUT  - Forms  the  input  waveform.  The  user  has  the  options  of  signal -to- 

noise,  bandwidth,  pulse  length,  phase  of  the  return,  noise  only  and  target 
only.  The  subroutine  changes  the  formed  input  to  electrons  from  voltage 
with  either  a linear  or  non-linear  transformation. 

OUTP  - Convert*  the  output  to  voltage  from  electrons.  The  subroutine  also 
combines  the  four  separate  signals  from  the  four  match  filters,  squares  the 
Inphase  and  Quadrature  channels. 

PLOT  - Is  a general  plot  routine  which  prints  out  linearly  a given  array  of 
data  on  a 132  column  line  printer.  It  is  used  in  the  program  to  plot  the 
input  and  output  responses  versus  time. 

PLOTl  - Is  a bookkeeping  routine  which  calculates  the  samples  mean  and 
variance,  and  also  finds  the  minimum  and  maximum  values  for  a specified 
array  of  data. 

P0W2  - Computes  the  power  of  2 which  is  greater  than  or  equal  to  a specified 
number.  Is  a utility  program  for  the  FFT  program. 

PRTVAL  - Calculates  the  means  and  standard  deviations  for  the  CCD  noise 
sources. 

repeat  - Performs  bookkeeping  for  multiple  runs.  See  subroutine  FINDER. 

SD  - Calculates  the  cumulative  mean  and  standard  deviations  for  the  normal 
noise  sources. 
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TABLE  32.  CONTINUED 


SETUP  - Is  responsible  for  putting  the  data  in  proper  form  so  that  different 
outputs  may  be  obtained  (i.e.,  EFT,  weighting,  etc.). 

TIMEHM  - Performs  Hamming  weighting  on  a specified  array  of  data.  The 
weighting  is  done  on  the  frequency  domain  to  suppress  the  time  response 
sidelobes. 

XRUN  - Performs  the  bookkeeping  of  transferring  the  electrons  from  well  to 
well  and  stage  to  stage.  The  bookkeeping  includes  the  addition  of  the 
' different  noise  sources  and  dark  current. 

i 
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TABLE  33.  QUESTIONS  ASKED  BY  THE  DELAY  LINE  AND  TAPPED  DELAY  LINE  SlMiLATlON 

CREATE  NEW  FILE  ON  DAT  SLOT  +2  Y = 0 N = 1 

If  user  wants  the  output  saved  for  later  use,  response  should  be  a 0. 

If  not,  then  1.  The  data  will  be  stored  on  file  TEMP02.DAT  for  a 
response  of  1 . 

NAME  OF  FILE  XXXXXX.DAT 

If  response  to  above  was  a 0,  then  user  must  give  the  name  of  the  n'le. 
Only  restrictions  are  that  the  ^ile  name  cannot  begin  with  a numeric 
and  all  spaces  must  be  filled  in  v.itri  ^ character  or  a blank. 

THE  NUMBER  OF  STAGES  IN  THE  CCD  (FlO  0) 

User  specifies  the  number  of  stages  from  1 to  600.  The  upper  limit 
is  only  restricted  by  core  size. 

SD  OF  THE  INITIAL  STATE  (FIO.O) 

IF  < 0,  THEN  NO  BACKGROUND  VOLTAGE  ADDED 

The  user  specifies  the  number  of  electrons  for  the  standard  deviation 
of  the  initial  state  of  the  CCD.  If  a negative  number  is  given,  tiie 
system  will  not  add  in  background  charge  to  the  input  signal. 

SURFACE  OR  BURIED  DEVICE  (0  OR  1) 

The  user  specifies  a 0 for  surface  device  and  a 1 for  buried  device. 

AREA  OF  THE  WELL  IN  MIL**2 

The  user  specifies  the  area  of  each  gate. 

% OF  BACKGROUND  CHARGE 
< 0,  THEN  SPECIFY  TRANSFER  LOST 

The  user  specifies  the  % of  background  charge  which  determines  thf' 
charge  transfer  inefficiency.  If  the  number  specified  is  < 0,  then 
the  next  question  will  ask  for  the  lost. 

FRACTION  LOST  EACH  TIME  .XXXX 

If  the  response  to  the  above  question  was  negative,  then  user  specifies 
the  fraction  lost  on  each  transfer. 

CLOCK  SAVING  VOLTAGE 

Self  explanatory. 


TABLE  33.  CONTINUED 


PLOT  OF  INPUT  AND  OUTPUT  Y=0  N=1 

If  user  wants  a plot  of  input  and  output  signals,  response  is  a zero. 

If  not , then  a 1 . 

FFT  OF  OUTPUT  Y=1  N=0 

If  user  specifies  a 1,  then  an  FFT  of  the  output  signal  is  plotted.  If 
he  specifies  a 0,  then  no  FFT  is  performed. 

CLOCK  FREQUENCY  (FIO) 

User  responds  with  the  sampling  frequency  of  the  device. 

THE  LENGTH  OF  TIME  OF  THE  RUN  ■ 1201 

The  number  of  samples  from  the  input  sianal  that  are  processed  by  the 
CCD. 

PRINT  OUT  INTERMEDIATE  VALUES  NO  = 0 YES  = 1 

For  debugging  purposes,  the  user  has  the  option  of  examining  the 
contents  of  the  wel Is. 

FEEDTHROUGH  VOLTAGE  ADDED  TO  OUTPUT  N = 0 Y = 1 

A DC  component  corresponding  to  feedthrough  voltage  is  added  if 
response  is  a 1.  If  a 0,  none  is  added. 

DURATION  OF  THE  SIGNAL  MIN  = 0 MAX  = 1200 

The  number  of  samples  of  the  input  which  will  contain  a signal  versus 
noise  only. 

TYPE  OF  SIGNAL  PULSE  = 0 SIN  = 1 

User  has  option  of  two  types  of  signals:  a pulse  (response  0)  or 
sinusoidals  (response  1). 

**  If  response  to  above  is  0,  then  next  question  is: 

INPUT  LEVEL  OF  SIGNAL  MAX  = VALUE  VOLTS 

User  specifies  the  amplitude  of  the  pulse  in  volts. 

**  If  response  to  above  is  1,  then  the  next  question  is: 

# OF  SINUSOIDALS  FIO  < 5 

User  can  specify  up  to  5 sinusoidals  input. 


- -- 
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TABLE  33.  CONTINUED 


FREQUENCY  OF  THE  i SIGNAL  (HERTZ) 

User  specifies  in  hertz  the  frequency  of  the  i^*^  sinusoidal. 

AMPLITUDE  (%  OF  WELL)  OF  THE  i SIGNAL 

User  specifies  in  terms  of  % of  full  well  the  amplitude  of  the  i 
sinusoidal . 

DC  BIAS  (%  OF  WELL)  TERM  ADDED  TO  INPUT  #10 

User  responds  with  a DC  bias  added  to  input  signal  in  terms  of  % 
of  a ful 1 wel 1 . 

NON-LINEAR  INPUT  WARPING  Y=0  N=1 

User  has  option  of  using  a linear  input  structure  (1)  or  a non-linear 
input  response  to  the  CCD. 

FILTER  RESPONSE  COMPUTED  N=D  Y=1 

User  has  option  of  obtaining  the  output  of  a delay  line  (0)  or  the 
output  from  a tapped  delay  line  (1).  (Coefficients  read  in  from  DAT 
Slot  +4  in  E15.8  format.) 

DARK  CURRENT  ADDED  Y=0  N=1 

Dark  current  added  Yes  = 0 No  = 1 . 

**  If  response  to  above  is  D,  then  next  4 questions  below  are  asked. 
If  a 1 , then  next  4 questions  are  omitted. 

AMBIENT  TEMPERATURE  IN  DEGREES  °C 

Self  explanatory. 

DO  YOU  WANT  TO  HOLD  THE  SIGNAL  FOR  ANY  TIME  Y=0  N=1 

User  has  option  of  obtaining  the  response  when  the  signal  has  been 
put  in  storage  mode. 

**  If  response  to  above  question  is  0,  then  the  next  2 questions 
are  asked.  If  not,  then  they  are  shipped. 

TIME  (SEC)  LEFT  IN  DELAY  LINE 

Number  of  seconds  left  in  delay  line. 

FREQUENCY  CLOCK  SIGNAL  OUT 

Output  clock  frequency  after  the  storage  time  has  been  completed. 
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TABLE  33.  CONTINUED 


MULTIPLE  RUN  Y=#  OF  CHANGES  N=0 

k User  nas  option  of  changing  a parameter  between  runs.  If  response  is 

k >0,  then  number  of  runs  with  this  variable  changed.  If  0,  then  none.  ! 

[ **  If  response  to  above  is  = 0,  then  the  next  5 questions  are  omitted. 

[ WHICH  INPUT  IS  TO  BE  CHANGED 

1 = NUMBER  OF  STAGES,  2 = SURFACE/BURIED 
3 = AREA  OF  WELL,  4 = STORAGE  TIME  (SEC) 

5 = CLOCK  FREQUENCY,  6 = AMBIENT  TEMPERATURE  ; 

I 

Response  is  the  variable  to  be  changed.  i 

INPUT  THE  i VALUE  ] 

L 1 

Response  is  to  input  the  value  for  the  i run.  ? 

SECOND  VARIABLE  CHANGING  Y = NUMBER  N = 0 i 

j 

j 

Response  is  the  number  of  times  the  second  variable  is  to  be  changed. 

If  0,  then  none. 

**  If  response  to  above  0,  then  skip  next  2 questions. 

WHICH  INPUT 

The  variable  number  to  be  changed. 

INPUT  THE  i VALUE 

The  value  for  the  i change  of  second  variable. 

RUN  WITH  NOISE  Y=0  N=1 

Run  with  the  noise  sources  or  not.  Yes  = 0 No  = 1 . 

**  If  response  to  above  is  1,  then  the  program  begins  a run. 

SELECT  THE  PARTICULAR  NOISE  INPUTS  N=0  Y=1 

User  has  option  of  keeping  all  noise  sources  in  the  program  (0)  or 
selecting  which  noise  sources  are  to  be  input  (1). 

**  If  response  to  above  is  0,  then  the  program  begins  a run. 

ADD  IN  INPUT  NOISE  Y = 0 N = 1 

Yes  = 0,  No  = 1. 
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TABLE  33.  CONTINUED 


ADD  IN  SHOT  NOISE  Y = 0 N = 1 
Self  explanatory. 

ADO  IN  TRANSFER  NOISE  Y = 0 N = 1 
Self  explanatory. 

ADD  IN  THE  OUTPUT  NOISE  Y = 0 N = 1 
Self  explanatory. 

ADD  IN  THE  FILTER  NOISE  Y = 0 N = 1 
Self  explanatory. 

ADD  IN  THE  TRAP  NOISE  Y = 0 N = 1 
Self  explanatory. 

**  Program  begins  a run. 
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TABLE  34.  QUESTIONS  ASKED  BY  THE  LINEAR  FM  FILTER  SIMULATION 

CREATE  NEW  FILE  ON  DAT  SLOT  +2  Y = 0 N = 1 

If  user  wants  the  output  saved  for  later  use,  response  should  be  a 
0.  If  not,  then  a 1.  The  data  will  be  stored  on  file  TEMP02.DAT 
for  a response  of  1 . 

NAME  OF  FILE  XXXXXX.DAT 

If  response  to  above  was  a 0,  then  user  must  give  the  name  of  the 
file.  Only  restrictions  are  that  the  file  cannot  begin  with  a 
numeric  and  all  spaces  must  be  filled  in  with  a character  or  a blank. 

THE  NUMBER  OF  STAGES  IN  CCD  (FIO.O) 

User  specifies  the  number  of  stages  from  1 to  600.  The  upper  limit 
is  only  restricted  by  core  size. 

SD  OF  THE  INITIAL  STATE  (FIO.O) 

IF  < 0,  THEN  NO  BACKGROUND  VOLTAGE  ADDED 

The  user  specifies  the  number  of  electrons  for  the  standard  deviation 
of  the  initial  state  of  the  CCD.  If  a negative  number  is  given,  the 
system  will  not  add  in  background  charge  to  the  input  signal. 

NOISE  + TARGET  0 
NOISE  1 

TARGET  2 

The  user  response  with  the  input  configuration,. A = 0,  the  user 
wishes  a target  and  noise  as  an  input.  If  response  is  a 1,  only 
noise  injected  at  input  and  finally,  if  response  is  a 2,  then 
only  a target  with  no  noise  at  input  to  CCD. 

SURFACE  OR  BURIED  (0  OR  1) 

The  user  specifies  a 0 for  surface  device  and  a 1 for  buried  device. 

AREA  OF  THE  WELL  IN  MIL**2 

The  user  specifies  the  area  of  each  gate. 

% OF  BACKGROUND  CHARGE 
< 0,  THEN  SPECIFY  TRANSFER  LOSS 

The  user  specifies  the  % of  background  charge  which  determines  the 
charge  transfer  inefficiency.  If  the  number  specifies  is  less  than 
0,  then  the  next  question  will  ask  for  the  loss. 
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TABLE  34.  CONTINUED 


FRACTION  LOSS  EACH  TIME  .XXXX 

If  the  response  to  the  above  question  was  negative,  then  the  user 
specifies  the  fraction  loss  on  each  transfer. 

CLOCK  SWING  VOLTAGE 

The  user  specifies  the  clock  swing  voltage  of  the  device. 

PLOT  OF  INPUT  AND  OUTPUT  Y=0  N=1 

If  user  wants  a plot  of  input  and  output  signals,  response  is  a 
zero.  If  not,  then  a 1 . 

HAMMING  WEIGHTING  TO  OUTPUT  y=0  N=1 

If  user  wants  Hamming  weighting  applied  such  that  the  time  sidelobes 
are  suppressed,  then  a 0 is  response.  If  not,  then  a 1. 

FFT  OF  OUTPUT  Y=1  N=0 

User  responses  with  a 0 if  no  FFT  of  output  is  wanted  and  with  a 1 
if  it  is  wanted. 

CLOCK  FREQUENCY  (FIO.O) 

User  responds  with  the  sampling  frequency  of  the  device. 

THE  LENGTH  OF  TIME  OF  THE  RUN  < 1201 

The  number  of  samples  from  the  input  signal  that  are  processed  by 
the  CCD. 

PRINT  OUT  INTERMEDIATE  VALUES  N0=0  YES=1 

For  debugging  purposes,  the  user  has  the  option  of  examining  the 
contents  of  the  wells. 

FEEDTHROUGH  VOLTAGE  ADDED  TO  OUTPUT  N=0  Y=1 

A DC  component  corresponding  to  feedthrough  voltage  is  added  if 
response  is  a 1.  If  a 0,  none  is  added. 

DURATION  OF  THE  SIGNAL  MIN=0  MAX=1200 

The  number  of  samples  of  the  input  which  will  contain  a signal  versus 
number  of  samples  with  no  signal.  The  signal  samples  are  centered 
about  the  middle  of  the  sampling  window. 
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TABLE  34.  CONTINUED 


BANDWIDTH  OF  THE  LINEAR  FM  (HERTZ) 

The  bandwidth  of  the  linear  FM  signal  is  specified  by  the  user  in 
hertz  (<  sampling  frequency  bandwidth). 

SIGNAL  TO  NOISE  RATIO  AT  IF  (dB) 

The  user  specifies  the  signal  to  noise  ratio  of  the  target  at  input 
to  the  device. 

PHASE  ANGLE  OF  TARGET  DEGREES 

The  user  specifies  the  phase  angle  of  the  target  in  degrees  (0-360). 

DC  BIAS  {%  OF  WELL)  TERM  ADDED  TO  INPUT  FIO 

User  responds  with  a DC  bias  added  to  input  signal  in  terms  of  % 
of  a ful 1 wel 1 . 

MEAN  ERROR  IN  TAP  WEIGHTS 

User  specifies  the  mean  tap  weight  accuracy. 

SD  OF  THE  TAP  ERROR 

User  specifies  the  standard  deviation  about  the  above  mean  value. 
AMBIENT  TEMPERATURE  IN  DEGREES  °C 

User  specifies  the  ambient  temperature  that  the  device  will  operate 
at. 

DARK  CURRENT  ADDED  Y=0  N=1 

Dark  current  added  Yes  = 0 No  = 1 . 

MULTIPLE  RUN  Y=#  OF  CHANGES  N=0 

User  has  option  of  changing  a parameter  between  runs.  If  response 
is  > 0,  then  number  of  runs  with  this  variable  changed.  If  0, 
then  none. 

**  If  response  to  above  is  0,  then  the  next  5 questions  are  omitted. 

WHICH  INPUT  IS  TO  BE  CHANGED 
1 = NUMBER  OF  STAGES,  2 = SD  OF  THE  TAP  WEIGHTS 
3 = AREA  OF  WELL,  4 = MEAN  OF  THE  TAP  WEIGHTS 
5 = CLOCK  FREQUENCY,  6 = AMBIENT  TEMPERATURE 

User  response  is  the  variable  to  be  changed. 
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TABLE  34.  CONTINUED 


INPUT  THE  i VALUE 

Response  is  to  input  the  value  for  the  i^*^  run. 

SECOND  VARIABLE  CHANGING  Y = NUMBER  N = 0 

Response  is  the  number  of  times  the  second  variable  is  to  be  changed. 

If  0,  then  none. 

**  If  response  to  above  0,  then  skip  next  2 questions. 

WHICH  INPUT 

The  variable  number  to  be  changed. 

INPUT  THE  i VALUE 

The  value  for  the  i^*^  change  of  second  variable. 

RUN  WITH  NOISE  Y=0  N=1 

Run  with  the  noise  sources  or  not.  Yes  = 0 No  = 1 . 

**  If  response  to  above  is  1,  then  the  program  begins  a run. 

SELECT  THE  PARTICULAR  NOISE  INPUTS  N=0  Y=1 

User  has  option  of  keeping  all  noise  sources  in  the  program  (0)  or 
selecting  which  noise  sources  are  to  be  input  (1). 

**  If  response  to  above  is  0,  then  the  program  begins  a run. 

ADD  IN  INPUT  NOISE  Y = 0 N = 1 

Ye-  = 0,  No  = 1. 

ADD  IN  SHOT  NOISE  Y = 0 N = 1 

Self  explanatory. 

ADD  IN  TRANSFER  NOISE  Y = 0 N = 1 

Self  explanatory. 

ADD  IN  THE  OUTPUT  NOISE  Y = 0 N = 1 
Sel f expl anatory. 

ADD  IN  THE  FILTER  NOISE  Y = 0 N = 1 
Self  explanatory. 
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TABLE  34.  CONTINUED 


ADD  IN  THE  TRAP  NOISE  Y = 0 N = 1 
Self  explanatory. 

**  Program  begins  a run. 
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5.2  SIMULATION  OPERATIONAL  CAPABILITIES 

The  simulation  was  designed  to  model  the  transfer  of  electrons  from  stage  to 
stage  in  a CCD  delay  line.  The  simulation  accomplishes  this  by  transforming 
an  input  voltage  to  an  electron  packet.  The  packet  is  then  moved  through 
the  various  stages  of  the  device  with  the  appropriate  noise  perturbations 
added  to  the  packet  of  charge  at  each  clock  pulse.  The  noise  sources  that 
have  been  incorporated  in  the  model  are  the  input,  output,  trap,  shot , transfer  and 
filter  coefficient  inaccuracies.  Dark  current  has  also  been  incorporated 
in  the  model.  The  noise  sources  have  been  made  functions  of  device  (surface 
or  buried),  area,  clock  voltage,  clock  frequency,  temperature. 

The  simulation  has  the  capabilities  of  operating  in  two  modes:  delay  line 
and  tapped  delay  line.  The  delay  line  can  be  operated  in  either  a con- 
tinuous mode  or  a storage  mode.  The  continuous  mode  corresponds  to  clocking 
the  data  through  the  device  at  one  clock  rate.  The  storage  mode  corresponds 
to  clocking  the  data  into  the  device,  storing  for  a given  length  of  time 
and  then  clocking  the  data  out. 

These  modes  enable  a user  to  simulate  a single  device,  such  as  a delay  line, 

FIR  filter  or  more  complex  devices  such  as  chirp  filters  or  doppler  filter  banks 
by  interconnecting  the  simple  devices  by  relatively  minor  programming 
connections  of  the  individual  modules  of  the  computer  programs.  This  would 
thus  enable  the  user  to  test  the  critical  parameters  of  a CCD  in  a system 
with  relative  ease. 
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6.0  SIMULATION  RESULTS 

6.1  DELAY  LINE  TESTS  - STORAGE  AND  CONTINUOUS  MODES 

6.1.1  Effects  of  Charge  Transfer  Inefficiencies  on  Device  Non-Linearities 

The  Charge  Transfer  Inefficiency  (CTI)  leaves  behind  at  each  transfer  a 
packet  of  charge  which  is  signal  dependent.  In  the  simulation  model  this  CCD 
characteristic  was  modeled  as  a percentage  of  the  charge  being  subtracted  off 
from  the  charge  packet  which  is  being  transferred  from  well  to  well. 

Transferred  electrons  = electrons  to  be  transferred  - the  percent  of  the 
electrons  being  transferred,  and  the  electrons  left  behind  (residue)  = the 
percent  of  the  electrons  being  transferred.  The  possible  non-linear  distortions 
of  the  CTI  on  a signal  were  examined  by  inputting  a 1500  Hz  sine  wave  with  a 
1.3  volt  amplitude  riding  on  a 1.4  volt  bias.  A full  well  of  the  CCD  has  a 
corresponding  voltage  of  2.8  volts.  The  peak  value  of  the  input  signal  is 
approximately  97%  of  a full  well.  The  length  of  the  CCD  line  was  310  stages 
with  operating  characteristics  of  6 KHz  clock,  a gate  area  of  2 mil2,  a clock 
swing  voltage  of  10  volts,  and  a temperature  of  27°C.  The  dark  current  and 
the  other  noise  sources  were  not  added.  Figure  55  is  a plot  of  the  Hamming 
weighted  power  spectrum  of  the  CCD’s  output  An  extreme  value  of  the  CTI 
(1  X 10-3)  was  used.  As  can  be  seen  in  Figure  55,  the  harmonics  generated 
are  more  than  100  dB  down  from  the  peak  representing  1.5  KHz.  (In  all  the 
following  figures,  the  curves  on  the  power  spectrums  were  normalized  to  the 
peak  of  that  curve.)  The  sharp  spike  in  Figure  55  is  caused  by  the  Hamming 
weighting  which  spreads  the  DC  term  thus  not  allowing  complete  cancellation 
when  the  mean  is  subtracted  before  finding  the  power  spectrum.  (In  Figures 
55  and  56,  the  128  frequency  sample  corresponds  to  the  sampling  rate.) 

In  conclusion,  since  the  level  of  non-linear  distortion  observed  in  Figure  55 
is  so  low  for  even  an  extreme  value  of  the  CTI,  the  CTI  can  be  ruled  out  in 
the  model  as  a possible  contributor  to  non-linear  distortions. 

6.1.2  Non-Linear  Effects  of  Dark  Current 

Having  observed  that  the  CTI  does  not  contribute  to  the  non-linearity  of  the 
device,  the  remaining  possible  contributor  in  the  model  is  the  dark  current. 

The  dark  current  distortion  would  arise  when  the  signal  is  clipped  due  to  the 
potential  wells  filling  up  with  dark  current.  The  effect  of  clipping  should 
be  analogous  to  amplitude  clipping  in  a limiter.  To  examine  the  possible 
distortions,  a 7 Hz  sine  wave  with  a 1.3  volt  amplitude  riding  cn  a 1.4  volt 
bias  (full  well  corresponds  to  2.8  volts)  was  inputted  into  a 600  stage  CCD 
delay  line.  The  operating  characteristics  of  the  device  were  a clock  swing 
voltage  of  10  volts,  a temperature  of  27°C,  and  a gate  area  of  2 mil 2.  The 
CTI  was  set  equal  to  zero  (no  loss  due  to  charge  transfer  inefficiency)  and 
the  noise  sources  were  not  added  in.  The  sampling  rate  of  the  device  was 
30  Hz  which  corresponds  to  each  sample  of  the  input  being  in  the  device  for 
20  seconds.  Figure  56  is  a plot  of  the  pcwer  spectrum  of  the  output  with 
Hamming  weighting.  As  can  be  seen  from  Figure  56,  the  second  harmonics  were 
approximately  only  13  dB  down  from  the  peak  spectrum  component  at  7 Hz. 

(As  in  Figure  55,  ihe  Hamming  weighting  spread  the  DC  term  thus  not 
allowing  full  cancellation;  and  the  spike  near  DC  is  the  result).  Thus,  the 
distortions  due  to  dark  current  can  become  severe  if  clipping  is  allowed  to 
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FIGURE  56.  AMPLITUDE  VERSUS  CLOCK  RATE  OF  THE  OUTPUT  OF  A CCD  DELAY  LINE  WITH  A SINUSOIDAL  INPUT 

WITH  DARK  CURRENT  BUILD-UP 


occur.  The  degree  of  clipping  and  its  frequency  is  related  to  the  operating 
parameters  of  the  device  and  the  input  signal.  In  the  discussion  below,  the 
operating  parameters  are  examined. 

6.1.3  Delay  Line  In  Storage  Mode 

To  examine  the  effects  of  noise  and  dark  current  build-up  in  a CCD  delay  line 
in  the  storage  mode,  a 600  stage  CCD's  output  was  collected  to  obtain  a sample 
mean  and  sample  variance*  for  different  operating  temperatures  and  storage 
times.  The  operating  characteristics  of  the  device  were  chosen  to  be  typical. 
The  CTI  was  3.6  x 10"4,  the  gate  area  was  2 mil2  and  the  clock  swing  voltage 
was  10  volts.  The  clock  rate  of  the  device  was  set  to  1 Megahertz  for 
inputting  and  outputting.  A fast  clocking  of  a signal  in  and  out  of  the 
device  in  the  storage  mode  minimizes  the  dark  current  and  other  noise  sources. 

A zero  volt  input  was  clocked  into  the  device,  stored  for  a variable  amount 
of  time,  and  clocked  out.  Any  output  was  therefore  due  to  the  internal  noise 
sources  of  the  device  and  is  not  signal  dependent.  Therefore,  the  measure 
of  the  noise  at  the  output  gives  the  range  available  to  an  input  signal  for 
different  amounts  of  signal  distortions. 

Figure  57  is  a graph  of  the  sample  mean  and  Figure  58  is  the  graph  of  the 
sample  variance  (both  normalized  to  a full  well)  versus  storage  time  in 
seconds  and  operating  temperature.  As  can  be  seen  from  Figure  57,  the  dark 
current  builds  up  rapidly  for  operating  temperatures  greater  than  35°C. 
Therefore,  for  operating  temperatures  greater  than  35°C  the  maximum  usable 
amplitude  (peak)  of  the  input  voltage  becomes  smaller  and  smaller  in  order  to 
avoid  clipping.  In  Figure  58,  the  variance  of  the  noise  about  the  mean  tends 
to  zero  for  the  higher  operating  temperatures  because  of  saturation  of 
potential  wells.  Therefore,  the  noise  power  about  the  mean  goes  zero  since 
the  range  available  to  any  fluctuations  tends  to  zero. 

6.1.4  Delay  Line  In  Continuous  Mode 

To  examine  the  noise  and  dark  current  build-up  in  a CCD  delay  line  operating 
in  the  continuous  mode,  a 128  stage  CCD's  output  was  collected  to  obtain  a 
sample  mean  and  sample  variance  for  different  operating  temperatures  and 
clock  frequencies.  The  operating  characteristics  of  the  device  were  a CTI 
of  3.6  X 10“4,  an  area  of  2 mil2,  and  a clock  swing  voltage  of  10  volts.  As 
in  the  storage  mode  the  input  voltage  was  set  to  zero  (zero  volts  added  at 
each  sampling  interval  to  the  input  stage).  Figures  59  and  60  are  plots  of 
the  sample  means  and  sample  variances  normalized  to  a full  well  for  temperatures 
in  the  range  of  -55'’C  to  +125°C  and  clock  frequencies  of  5 to  5 x 10^  Hz.  As 

* 

N 

Sample  Mean  = z x.j/N  where  x-  are  the  data  samples  and  N is  the  number 
i=l  ^ to  be  averaged. 

N _ 2 

Sample  Variance  = Z (x.j  - X)  /(N-1)  where  x.j  and  N are  same  as  for  sample 
i=l  mean  and  X is  the  sample 

mean  defined  above. 


140 


r 


UE  OF  OUTPUT  NOISE  NORMALIZED  TO  FULL  WELL  VERSUS  STORAGE  TIME  VERSUS 
TEMPERATURE  FOR  A CCD  DELAY  LINE  IN  STORAGE  MODE 
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observed  in  the  storage  mode,  the  dark  current  and  noise  builds  up  to  occupy 
the  full  well  which  causes  the  variance  to  go  to  zero.  For  a given  set  of 
parameters,  the  variances  for  the  continuous  mode  are  not  as  large  as  the 
storage  mode.  This  is  due  to  the  dark  current  contributions  in  the  continuous 
mode  being  averaged  over  a large  number  of  independent  wells  while  in  the 
storage  mode  each  output  sample  contains  the  dark  current  build-up  of  a 
different  well. 

6.1.5  Number  of  Stages,  Temperature  and  Clock  Rate 

To  examine  the  noise  and  dark  current  build-up  in  a CCD  delay  line  operating 
in  the  continuous  mode  for  different  number  of  stages  and  clock  rates,  the 
output  was  collected  and  the  sample  mean  and  variance  were  computed  for  a CCD 
operating  at  a temperature  of  27°C,  CTI  of  3.6  x 10"4,  an  area  of  2 mil^,  and 
a clock  swing  voltage  of  10  volts.  As  in  the  discussion  above,  zero  input 
voltage  was  added  to  the  input  structure.  Figures  61  and  62  are  plots  of 
the  sample  mean  and  variance  normalized  to  a full  well  for  delay  lines  of 
length  16  to  512  and  clock  frequencies  from  50  to  50,000  Hz. 

As  can  be  seen  from  Figure  61,  at  low  clock  frequencies,  the  clock  rate  must 
be  increased  in  order  to  maintain  a given  noise  level  for  the  same  number  of 
stages.  This  effect  holds  up  to  a clock  rate  of  about  1500  Hz  for  the  CCD 
parameters  used. 

6.2  LINEAR  FM  MATCHED  FILTER  SIMULATIONS 

The  foregoing  simulations  have  examined  the  CCD  operation  as  a delay  line 
either  in  the  storage  mode  or  the  continuous  mode.  In  order  to  evaluate 
the  CCD  operating  as  a tapped  delay  line,  the  device  was  configured  in  a 
linear  FM  matched  filter  system.  This  called  for  the  simulation  of  four 
different  tapped  delay  lines  (Figure  63)  for  the  complex  I and  Q channels 
of  the  filter.  The  coefficients  of  the  delay  line  were  modified  with 
Hamming  weighting  to  reduce  the  time  sidelobes  of  the  output. 

In  Figures  64  through  108,  the  number  of  input  samples  was  512  with  the 
length  of  the  individual  CCD  tapped  delay  lines  set  at  129.  The  matched 
weights  on  each  tapped  delay  line  were  modified  by  Hamming  weighting  to 
reduce  the  time  sidelobes.  The  Time*Bandwidth  product  was  a constant  64.5 
in  all  the  figures.  That  is,  the  argument  of  the  sine  or  cosine  waveform 
at  each  tapped  delay  line  was  Bandwidth  * Time^/Z  * Length  of  the  signal 
where  the  length  of  the  signal  was  129/clock  frequency  which  gives  a Time  * 
Bandwidth  product  of  Bandwidth  * 129/clock  frequency  (Figure  63).  The 
ratio  of  Bandwidth  to  clock  frequency  was  fixed  in  order  to  keep  the  desired 
product  of  64.5.  The  operating  characteristics  of  the  devices  were  2 mil^ 
for  gate  area  and  a clock  swing  voltage  of  10  volts. 

In  Figures  66  - 108,  the  plots  are  normalized  to  the  peak  time  response. 

The  reason  for  including  the  actual  time  plots  is  that  in  comparing  different 
operating  temperatures,  clock  frequencies,  and  CTI's  on  the  outputs,  the 
actual  data  better  reflects  the  degree  of  spreading  and  sidelobe  levels  than 
a tabular  summary. 
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Figure  64  is  a plot  of  the  sidelobe  level  of  the  output  of  the  matched  filter 
versus  temperature  in  the  ranges  of  -55°c  to  125°C  and  clock  rates  from  50  to 
150  KHz.  The  sidelobe  level  for  temperatures  less  5°C  is  fairly  constant. 
However  as  the  temperature  is  increased,  the  clock  frequency  must  be  increased 
in  order  to  keep  the  sidelobe  levels  down.  As  can  also  be  observed  in  the 
actual  time  plots,  the  noise  level  rises  and  falls  with  temperature  and 
frequency.  (In  Figure  66,  the  noise  is  -90  dB  from  the  peak  while  for 
Figure  69  it  is  only  -30  dB. ) 

Figure  65  is  a graph  of  the  sidelobe  level  of  the  output  of  the  matched 
filter  for  coefficient  inaccuracies  in  range  of  0 to  10%.  The  tap  weights 
were  allowed  to  have  an  error  with  zero  mean  and  standard  deviation  of  a 
given  percent  for  a normal  distribution.  Figure  65  shows  that  out  to  6% 
there  is  no  system  degradation  due  to  tap  weight  inaccuracy. 

Figures  66  through  99  are  the  outputs  from  the  matched  filter  for  different 
sampling  frequencies  and  temperatures.  The  specific  case  is  gi‘'en  in  the 
box  on  each  figure.  The  plots  are  normalized  to  the  peak  of  the  time  function. 

Figures  100  - 108  are  plots  of  the  response  of  linear  FM  matc'^ed 
filter  as  Charge  Transfer  Inefficiency  is  varied  with  frequency  fi.  ; CCD 
operating  at  0°C.  (In  our  model,  due  to  the  lack  of  theoretical  and 
experimental  data,  we  were  not  able  to  incorporate  CTI  as  a function  of 
temperature.)  Figures  100, 113, and  106  show  to  a marked  extent  the 
broadening  of  the  mainlobe  and  sidelobes  of  the  return.  Also  observed  is 
the  raising  of  the  sidelobe  levels  and  a time  shift  of  the  mainlobe  when  the 
clock  rate  is  constant  while  the  CTI  is  varied.  These  effects  are  caused 
by  the  signal  being  smeared  as  it  is  shifted  through  the  delay  line. 

Finally,  as  the  frequency  is  increased,  no  appreciable  difference  can  be 
observed  with  regard  to  width  and  level  of  the  sidelobes  and  mainlobe. 

That  is,  as  frequency  is  increased,  the  dark  current  level  decreases,  but 
the  effects  due  to  CTI  are  not  diminished. 
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FIGURE  66. 
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FIGURE  67.  OUTPUT  AMPLITUDE  OF  LINEAR  FM  MATCHED  FILTER  VERSUS  TIME  FOR 
CLOCK  RATE  OF  ToO  HERTZ  AND  TEMPERATURE  OF  -25^C 
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FIGURE  68.  OUTPUT  AMPLITUDE  OF  LINEAR  FM  MATCHED  FILTER  VERSUS  TIME  FOR 
CLOCK  RATE  OF  100  HERTZ  AND  TEMPERATURE  OF  +5°C 
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FIGURE  69.  OUTPUT  AMPLITUDE  OF  LINEAR  FM  MATCHED  FILTER  VERSUS  TIME  FOR 
CLOCK  RATE  OF  100  HERTZ  AND  TEMPERATURE  OF  +35‘’C 
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FIGURE  70.  OUTPUT  AMPLITUDE  OF  LINEAR  FM  MATCHED  FILTER  VERSUS  TIME  FOR 
CLOCK  RATE  OF  100  HERrZ  AND  TEMPERATURE  OF  +65°C 
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FIGURE  71.  OUTPUT  AMPLITUDE  OF  LINEAR  FM  MATCHED  FILTER  VERSUS  TIME  FOF 
CLOCK  RATE  OF  100  HERTZ  AND  TEMPERATURE  OF  +95°C 
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FIGURE  72.  OUTPUT  AMPLITUDE  OF  LINEAR  FM  MATCHED  FILTER  VERSUS  TIME  FOR 
CLOCK  RATE  OF  100  HERTZ  AND  TEMPERATURE  OF  +125°C 


158 


FIGURE  73. 


OUTPUT  AMPLITUDE  OF  LINEAR  FM  MATCHED  FILTER  VERSUS  TIME  FOR 
CLOCK  RATE  OF  300  HERTZ  AND  TEMPERATURE  OF  -55°C 
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FIGURE  74.  OUTPUT  AMPLITUDE  OF  LINEAR  FM  MATCHED  FILTER  VERSUS  TIME  FOR 
CLOCK  RATE  OF  300  HERTZ  AND  TEMPERATURE  OF  -25°C 
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FIGURE  75.  OUTPUT  AMPLITUDE  OF  LINEAR  FM  MATCHED  FILTER  VERSUS  TIME  FOR 
CLOCK  RATE  OF  300  HERTZ  AND  TEMPERATURE  OF  +5°C 
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FIGURE  76.  OUTPUT  AMPLITUDE  OF  LINEAR  FM  MATCHED  FILTER  VERSUS  TIME  FOR 
CLOCK  RATE  OF  300  HERTZ  AND  TEMPERATURE  OF  +35°C 
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FIGURE  77.  OUTPUT  AMPLITUDE  OF  LINEAR  FM  MATCHED  FILTER  VERSUS  TIME  FOR 
CLOCK  RATE  OF  300  HERTZ  AND  TEMPERATURE  OF  +65°C 
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FIGURE  78.  OUTPUT  AMPLITUDE  OF  LINEAR  FM  MATCHED  FILTER  VERSUS  TIME  FOR 
CLOCK  RATE  OF  300  HERTZ  AND  TEMPERATURE  OF  -^95°C 
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FIGURE  80. 


OUTPUT  AMPLITUDE  OF  LINEAR  FM  MATCHED  FILTER  VERSUS  TIME  FOR 
CLOCK  RATE  OF  10,000  HERTZ  AND  TEMPERATURE  OF  -55°C 
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FIGURE  82.  OUTPUT  AMPLITUDE  OF  LINEAR  FM  MATCHED  FILTER  VERSUS  TIME  FOR 
CLOCK  RATE  OF  10,000  HERTZ  AND  TEMPERATURE  OF  +5°C 
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FIGURE  87.  OUTPUT  AMPLITUDE  OF  LINEAR  FM  MATCHED  FILTER  VERSUS  TIME  FOR 
CLOCK  RATE  OF  30,000  HERTZ  AND  TEMPERATURE  OF  -55°C 
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FIGURE  88. 


OUTPUT  AMPLITUDE  OF  LINEAR  FM  MATCHED  FILTER  VERSUS  TIME  FOR 
CLOCK  RATE  OF  30,000  HERTZ  AND  TEMPERATURE  OF  -25°C 
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[ FIGURE  89.  OUTPUT  AMPLITUDE  OF  LINEAR  FM  MATCHED  FILTER  VERSUS  TIME  FOR 

I CLOCK  RATE  OF  30,000  HERTZ  AND  TEMPERATURE  OF  +5°C 
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FIGURE  90.  OUTPUT  AMPLITUDE  OF  LINEAR  FM  MATCHED  FILTER  VERSUS  TIME  FOR 
CLOCK  RATE  OF  30,000  HERTZ  AND  TEMPERATURE  OF  +35°C 
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FIGURE  91.  OUTPUT  AMPLITUDE  OF  LINEAR  FM  MATCHED  FILTER  VERSUS  TIME  FOR 
CLOCK  RATE  OF  30,000  HERTZ  AND  TEMPERATURE  OF  +65°C 
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FIGURE  92.  OUTPUT  AMPLITUDE  OF  LINEAR  FM  MATCHED  FILTER  VERSUS  TIME  FOR 
CLOCK  RATE  OF  30,000  HERTZ  AND  TEMPERATURE  OF  +95°C 
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FIGURE  95.  OUTPUT  AMPLITUDE  OF  LINEAR  FM  MATCHED  FILTER  VERSUS  TIME  FOR 
CLOCK  RATE  OF  300,000  HERTZ  AND  TEMPERATURE  OF  -25°C 
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OUTPUT  AMPLITUDE  OF  LINEAR  FM  MATCHED  FILTER  VERSUS  TIME  FOR 
CLOCK  RATE  OF  300,000  HERTZ  AND  TEMPERATURE  OF  +5°C 
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FIGURE  99.  OUTPUT  AMPLITUDE  OF  LINEAR  FM  MATCHED  FILTER  VERSUS  TIME  FOR 
CLOCK  RATE  OF  300,000  HERTZ  AND  TEMPERATURE  OF  +95°C 
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FIGURE  101.  OUTPUT  AMPLITUDE  OF  LINEAR  FM  MATCHED  FILTER  VERSUS  TIME  FOR 
CLOCK  RATE  OF  100  HERTZ  AND  CTI  = 0.01 
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FIGURE  103.  OUTPUT  AMPLITUDE  OF  LINEAR  FM  MATCHED  FILTER  VERSUS  TIME  FOR 
CLOCK  RATE  OF  1,000  HERTZ  AND  CTI  = 0.1 
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FIGURE  106.  OUTPUT  AMPLITUDE  OF  LINEAR  MATCHED  FILTER  VERSUS  TIME  FOR 
CLOCK  RATE  OF  10,000  HERTZ  AND  CTI  = 0.1 
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FIGURE  107.  OUTPUT  AMPLITUDE  OF  LINEAR  FM  MATCHED  FILTER  VERSUS  TIME  FOR 
CLOCK  RATE  OF  10,000  HERTZ  AND  CTI  = 0.01 
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7.0  CCD  COST/PERFORMANCE  IMPLEMENTATION  PROJECTIONS 


7.1  PROGRAMMABILITY  - ADAPTIVE,  FLEXIBLE  WAVEFORM  PROCESSING 

7.1.1  Objectives  of  Prograirmability 

The  desirability  of  programmability  in  radar  signal  processing  functions  stems 
from  two  basic  desires.  First  for  a given  radar,  the  system  operating 
parameters  are  generally  developed  analytically  and  their  appropriateness  to 
specific  situations  may  be  limited.  The  ability  to  change  the  waveform  to 
match  the  radar  task  would  provide  the  capability  to  use  the  basic  radar 
resources  of  energy  and  bandwidth  to  their  maximum  efficiency  in  any  given 
environment.  This  programmability  will  generally  encompass  variations  in 
bandwidth,  pulse  length  and  waveform  type.  More  elaborate  programmability 
would  involve  changing  the  basic  mode  structure  of  the  radar  such  as  from 
pulse  compression-MTI  to  a pulse-doppler  mode  with  coherent  MTD  (moving 
target  detection)  processing. 

A second  objective  of  programmability  is  to  provide  interchangeability  of 
signal  processor  units  among  different  radar  systems.  While  cost  would  be  a 
factor  here  an  even  more  important  advantage  would  be  performance  upgrading. 
Programmable  signal  processing  units  could  be  tailored  to  any  specific  radar's 
requirements  even  though  they  were  not  originally  designed  for  that 
application. 

7.1.2  Programmability  With  CCD's 

To  achieve  full  programmability  with  CCD's  it  is  necessary  to  have  a reliable 
technique  for  switching  and  moving  charge  in  opposing  directions.  While  this 
would  at  first  seem  to  be  a straight-forward  operation,  consideration  of  a 
typical  CCD  structure  will  indicate  the  problems.  Figure  109  shows  a CCD 
delay  line  structure  with  the  overlapping  gates  connected  to  clock  busses. 

In  order  to  contain  charge  within  the  limits  defined  by  the  gates  and  prevent 
clock  bus  coupling  to  the  wells, charge  barriers  are  introduced  along  the  line. 

[ If  it  is  desired  to  switch  charge  from  moving  down  one  line  to  another  a 

! means  must  be  provided  to  tap  the  line  through  the  barrier  in  a manner  which 

\ transfers  charge  efficiently  without  crosstalk  effects.  As  shown  in  Figure 

[ 109  this  can  be  done  by  use  of  a transfer  gate  which  serves  as  the  barrier 

function  when  the  gate  is  turned  off.  In  the  particular  concept  shown, 
charge  can  flow  in  either  direction  depending  on  the  clock  and  control  signal 
sequence.  Thus  the  unit  could  also  serve  as  a 2 to  1 multiplexer  if  the 
control  busses  are  separated  properly. 

The  fact  that  the  charge  moves  through  the  substrate  prevents  one  charge  path 
from  crossing  another  with  both  being  operated  simultaneously.  This  greatly 
restricts  the  complexity  of  functions.  For  example,  one  cannot  easily 
construct  a simple  lattice  network. 

Table  35  lists  a number  of  functions  which  can  be  considered  for  CCD  processor 
programmability  together  with  the  means  of  achieving  them  and  the  general 
status  of  development. 


Electrically  variable  tap  weights  are  one  of  the  most  desirable  features  for 
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FIGURE  109.  CONCEPTUAL  CCD  CHARGE  TAP 


TABLE  35.  CCD  PROGRAMMABILITY  CONSIDERATIONS 
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CCD  transversal  filters.  The  basic  floating  gate  tap  technique  allows  CCD  j 

delay  registers  to  be  non-destructi vely  sensed.  However,  the  multiplication  ! 

of  two  signals  stored  on  separate  CCD  registers  with  a multiplier  integrated 

on  the  circuit  has  presented  problems.  The  difficulty  is  in  part  due  to  the 

nature  of  the  signals  stored  on  the  CCD.  Each  analog  sample  must  have  sample 

values  about  a bias  level  in  order  to  retain  a general  bipolar  form.  In  this 

case,  each  sample  will  have  the  form  = b + x(ti).  A general  filter 

function  with  the  bias  factors  takes  the  form: 

■ 

I / (b^  + x(t))]b2  + y(t-T)]  dx 

\ The  foregoing  integral  will  have  four  terms;  the  integral  of  the  product  of 

[ the  two  bias  terms,  the  integral  of  each  bias  times  the  opposite  signal  and 

I the  integral  of  the  product  of  the  two  signals.  This  is  of  course  undesirable 

i unless  the  spectrum  of  the  signal  products  can  be  separated  from  the  other 

I terms.  The  CCD  multiplier  must,  therefore,  eliminate  the  bias  cross  products 

[ in  the  multiplication  operation.  Techniques  for  achieving  this  have  been 

t suggested  [31,  32]  which  essentially  cancel  the  bias  terms  of  the  two 

functions  prior  to  or  during  multiplication.  The  techniques  are,  however, 

I not  well  established  with  the  latter  reference  [32]  in  1975  describing  a 32 

tap  filter  with  32  multipliers  whose  output  dynamic  range  was  20  dB,  in  part 
limited  by  external  circuitry. 

An  electrically  programmable  filter  by  implication  requires  charge  storage  of 
a reasonable  length  of  time.  Dark  current  will  limit  this  application  just 
as  it  does  general  memory  storage  to  storage  times  of  1 second  or  less  unless 
the  CCD  is  cooled. 

A progranmable  feature  which  would  greatly  enhance  the  flexibility  of  CCD 
filters  would  be  the  ability  to  program  fixed  filter  weights  after  fabrication 
in  the  manner  of  a PROM  in  digital  memories.  This  would  eliminate  the  costs 
of  custom  tailoring  the  weights  for  every  CCD  filter  desired  and  would  greatly 
reduce  the  cost  of  any  particular  CCD  filter  made  in  small  to  moderate 
quantities.  This,  however,  is  a need  looking  for  an  invention.  No  devices 
of  this  nature  are  known  at  this  time. 

The  achievement  of  electrically  variable  lengths  for  CCD  transversal  filters 
and  delay  times  will  follow  the  development  of  programmable  weights  and 
methods  of  switching  charge  paths.  Following  along  this  same  line  would  be 
the  ability  to  change  the  signal  processing  function  by  reconfiguration  of 
the  CCD  chip. 

A final  technique  for  programmability  in  CCD's  should  be  mentioned  and  that 
is  the  implementation  of  digital  logic  devices  with  CCD's.  Calculations 
[33]  indicate  that  CCD's  can  provide  a logic  density  improvement  of  a factor 
: of  16  and  attendent  power  improvement  of  18  at  a 5 MHz  clock  rate  over  I^L 

i technology.  Applications  are  primarily  suited  for  pipeline  computation 

' operations  such  as  found  with  the  FFT. 

; 7.2  BANDWIDTH  LIMITATIONS  ! 

j The  bandwidth  capability  or  limitations  of  CCD  signal  processors  fall  into  : 

two  categories;  those  due  to  the  CCD  device  itself  and  those  which  involve  i 
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the  peripheral  circuitry  required  to  operate  the  CCD. 

7.2.1  CCD  Bandwidth  Limitations 

Bandwidth  handling  capability  of  a CCD  is  essentially  determined  by  the  clock 
rate  at  which  it  can  be  operated.  In  considering  wi de-bandwidth  application, 
concentration  must  necessarily  be  placed  on  buried  channel,  or  peristaltic, 
CCD's  since  their  charge  transfer  rates  are  much  higher  than  surface  channel 
CCD's. 

A basic  question  is  whether  the  inherent  performance  characteristics  of  CCD's 
will  vary  as  a function  clock  rate.  It  has  been  shown  in  the  simulation 
results  reported  in  Section  6.0  that  at  low  clock  frequencies,  performance 
is  adversely  affected  because  of  dark  current  build-up.  The  maximum  time 
that  a signal  can  be  held  in  a CCD  prior  to  dark  current  build-up  causing 
saturation  effects  is  indicated  in  Table  36  . The  low  frequency  limitation 
for  delay  line  applications  will  not  be  a factor  in  most  radar  applications. 
This  does  not  include  application  where  long  storage  times  are  involved. 


TABLE 

Temperature 

36.  LOW  FREQUENCY  LIMITATIONS  OF  CCD  DELAY  LINES 
(DARK  CURRENT  FILTERING  20%  OF  WELL) 

Max  Storage  Time  (Seconds) 

- 55°C 

>12  Seconds 

- 25°C 

>12  Seconds 

+ 

>12  Seconds 

+ 35°C 

6 Seconds 

+ 65°C 

0.75  Seconds 

+ 95°C 

< 0.1875  Seconds 

+125°C 

< 0.1875  Seconds 

The  CCD  model  developed  for  the  simulation  on  this  program  has  no  noise  or 
degradation  sources  which  degrade  the  performance  of  a CCD  as  the  clock  rate 
is  increased.  Two  recent  studies  [34  , 35]  have  been  reported  regarding 

! the  measured  performance  of  CCD's  at  high  clock  rates.  Chan,  et  al  [34  ] 

I conducted  an  interesting  test  on  a 130  cell  buried  channel  CCD.  By  initially 

[ loading  the  CCD  at  rates  up  to  105  MHz,  holding  the  data,  and  reading  it  out 

\ at  the  lower  rate  of  100  kHz,  the  effects  of  higher  frequency  operation  were 

; examined.  This  fixed  low  output  speed  prevented  degradations  due  to  the 

i output  circuitry  itself  from  being  a factor.  Linearity  of  the  input  structure 

r was  verified  to  give  second  and  third  harmonic  distortion  levels  of  about 

-54  dB.  The  transfer  efficiency  (>.999)  was  found  to  be  constant  over  all 
operating  frequencies  and  no  other  performance  measures  could  be  seen  as  a 

i function  of  frequency  other  than  that  due  to  dark  current  build  up  at  very 

; low  frequencies. 

[ 7.2.2  Clock,  Control  and  Packaging  Considerations 

Although  the  CCD  itself  has  not  exhibited  any  important  operating  degradations 
up  to  the  limitation  imposed  by  charge  mobility,  the  practical  use  of  CCD's 
at  high  frequencies  is  a problem.  The  CCD  has  been  developed  in  large  measure 
by  use  of  the  circuit  technology  of  digital  logic.  The  analysis  of  CCD's 
follows  the  sampled  data  nature  of  digital  signals.  However,  a CCD  is  a low- 
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f noise  analog  device  and  optimum  operation  cannot  be  achieved  unless  very 

f careful  analog  design  and  packaging  procedures  are  followed.  One  rather 

obvious  manifestation  of  the  problem  is  apparent  in  the  packaging  of  CCD's 
in  dual-in-line  packages.  This  packaging  method,  which  was  developed  in 
! conjunction  with  the  growth  of  digital  logic,  is  characterized  by  leads 

i running  closely  parallel  to  each  other  over  relatively  large  distances  from 

the  chip  to  package  pins.  The  problems  of  cross  coupling  of  clocks  and 
signals  in  such  a device  are  large.  Recall  that  100  MHz  is  a higher  frequency 
than  television  channel  6 (84-88  MHz)  and  an  appreciation  of  the  shielding 
and  lead  lengths  required  in  television  tuners  may  give  an  insight  into  the 
packaging  requirements  for  CCD's  where  10  volt  clocks  are  in  close  proximity 
to  millivolt  signals. 

The  design  of  clock  drivers,  output  amplifiers  and  drivers  are  difficult 
problems  and  the  high  frequency  performance  of  a CCD  device  will  very  likely 
fail  due  to  efficiencies  in  these  areas  before  CCD  device  limits  are  reached. 

7.3  POST  PROCESSING  FUNCTIONS 

The  post  processing  functions  in  a radar  signal  processor  generally  refer  to 
those  following  the  basic  matched  filtering  operation.  Doppler  processing 
is  generally  considered  with  the  pulse  compression  system  since  it  forms  a 
matched  filter  for  a target  with  a specific  doppler.  Post  processing 
functions  include:  thresholding,  range  and  angle  estimation,  bulk  filtering, 
constant  false  alarm  rate  (CFAR)  processing,  interpolation,  predictors  and 
various  pattern  recognition  procedures.  Many  of  the  functions  are  identified 
in  Figure  2.  The  application  of  CCD's  is  possible  in  those  cases  where 
the  computations  can  be  pipelined.  Implementation  of  many  post  processing 
functions  with  CCD's  is  even  more  dependent  on  achieving  programmability  and 
adaptability  than  the  pre-post  processor  functions.  An  important  consideration 
relative  to  the  appropriateness  of  CCD  processing  is  the  processing  rate 
requirements  of  specific  functions  and  whether  digital  microprocessor  based 
techniques  will  ultimately  be  the  best  approach. 

7.3.1  Processing  Rate  Requirements 

The  question  of  potential  competitive  advantages  for  implementation  of  post 
processing  functions  with  CCD's  depends  upon  the  computation  rates  and  the 
functions  required.  Table  37  lists  conventional  post  processing  functions 
together  with  their  relative  computational  rates  and  general  architecture. 

Those  in  which  a CCD-analog  implementation  is  projected  to  perform  at  a 
lower  cost  than  a microprocessor  based  digital  system  are  indicated.  In 
general,  functions  which  are  related  to  threshold  detection  such  as  inter- 
polation and  CFAR  are  candidates  for  CCD  processing.  Pattern  recognition 
functions  are  CCD  candidates  because  even  though  the  duty  factor  is  low 
relative  to  the  pulse  interval,  the  bandwidth  will  be  high  and  computation 
rates  similar  to  the  thresholding  functions  are  likely  to  be  required. 

7.3.2  Interpolation 

Sampled  data  systems  are  characterized  by  non-optimum  time  sampling  of  the 
input  data  which  causes  a range  straddling  and  an  error  in  the  estimate  of 
the  true  target  position.  This  effect  is  illustrated  in  Figure  110.  The 
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TABLE  37.  POST  PROCESSOR  CCD  CANDIDATES 
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; FIGURE  no.  TARGET  STRADDLING  WITH  SAMPLED  DATA  SYSTEM 

t problem  can  be  avoided  by  sampling  at  a rate  much  higher  than  that  required 

f by  the  Nyquist  sampling  criteria.  Figure  111  shows  the  straddling  loss  versus 

sampling  rate. 

Interpolation  between  samples  which  effectively  increase  the  sampling  rate  can 
be  achieved  by  a number  of  filter  approaches.  An  optimum  filter  can  be 
derived  which  is  closely  matched  to  the  spectrum  of  the  compressed  pulse.  A 
typical  configuration  is  the  4-point  polynomial  interpolator  shown  in  Figure 
112.  This  is  virtually  a standard  transversal  filter  and  it  can  be  readily 
implemented  with  CCD's.  One  filter  is  necessary  for  each  inter-sample 
interpolated  point. 

7.3.3  CFAR  Processing 

The  objective  of  a constant  false-alarm  rate  (CFAR)  process  is  to  adaptively 
adjust  the  target  detection  threshold  to  the  environment.  A situation  is 
depicted  in  Figure  113  where  a large  clutter  return  is  present.  If  a fixed 
threshold  were  used,  it  would  have  to  be  set  above  the  clutter  return.  However, 
if  the  threshold  is  made  to  adapt  to  the  clutter  return,  the  small  target 
outside  the  clutter  return  can  be  detected.  An  implementation  of  a CFAR  system 
designed  to  accomplish  the  required  adaptivity  is  shown  in  Figure  Il4.  In  this 
case,  the  si  delobe  levels  of  the  compressed  pulse  output  are  measured  in  the 
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STRADDLING  LOSS  (dB) 


FIGURE  111.  STRADDLING  LOSS  VERSUS  SAMPLING  RATE  FOR  HAMMING 
WEIGHTED  COMPRESSED  LINEAR  FM  PULSE  OF  BANDWIDTH,  B 

vicinity  of  the  range  sample  of  interest  and  these  levels  are  used  to  adjust 
the  threshold  level.  This  entire  function  can  be  Implemented  with  CCD's. 

7.4  PRACTICAL  CCD  IMPLEMENTATIONS 

7.4.1  Peripheral  CCD  Circuitry 

A principal  feature  of  CCD's  is  their  small  size  and  power  dissipation  in 
relation  to  their  functional  capability.  However,  in  ascertaining  the  total 
cost  of  a CCD  system,  the  peripheral  circuitry  necessary  to  operate  the 
devices  must  be  included.  This  aspect  of  CCD's  is  perhaps  the  most  critical 
problem,  or  deterrent,  to  more  widespread  application.  The  operation  of  CCD's 
involve  multiple  phase,  multiple  level  clock  signals,  bias  levels  for  the 
input  gates,  output  amplifiers,  and  finally  the  cancellation  or  filtering  of 
the  clock  signal  from  the  output.  The  amount  of  control  circuitry  required 
will  vary  among  the  CCD  devices  and  with  the  sophistication  of  the  designer, 
but  an  example  will  illustrate  the  situation.  A commercially  available  CCD, 
a dual  455  stage  (IH)  delay  line, is  marketed  by  Fairchild.  This  unit, 
designated  the  CCD  321, is  offered  with  a design  development  module  containing 
all  required  control  signals.  The  component  count  of  the  module  (type  CCD  32M) 
includes: 
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FIGURE  112.  4-POINr  POLYNOMIAL  INTERPOLATOR 
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FIGURE  113.  VARIABLE. THRESHOLD  ENVIRONMENT 


FIGURE  114.  TYPICAL  CFAR  IMPLEMENTATION 
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9 Integrated  Circuits 
44  Capacitors 
14  Transistors 
39  Fixed  Resistors 
10  Potentiometers 
23  Diodes 

139  Total  Components 

The  10  potentiometers  illustrate  the  problem  of  determining  the  optimum 
control  parameters  for  operating  a CCD. 

It  can  be  expected  that  as  CCD's  move  from  the  laboratory  to  systems,  the 
needs  relative  to  precise  operational  characterization  will  be  met.  The 
other  development  which  can  be  expected  to  improve  the  hardware  implementation 
of  CCD's  will  be  the  integration  of  control  signals  on  the  CCD  chip. 

7.4.2  On-Chip  CCD  Controls 

The  integration  of  CCD  control  signals  on  the  CCD  circuit  is  a target  of  CCD 
development  effort  at  this  time.  The  most  extensive  program  of  this  reported 
thus  far  appears  to  be  a prog»'am  of  RCA  for  the  US  Army  Electronics  Command 
[36].  A complex  CCD  array  comprised  of  split-gate  and  floating-gate  13-bit 
Barker-coded  correlators,  a low  pass  filter,  and  a 504-stage  CCD  register 
were  integrated  along  with  supporting  CMOS  timing/logic,  drivers,  and  signal 
processing  circuitry.  Figure  115  shows  a sketch  of  the  array  layout. 

The  floating-gate  correlator  can  be  made  electrically  programmable  by  adding 
a programmable  register  that  controls  switches  to  connect  the  floating-gate 
taps  through  source  follower  transistors  to  either  the  plus-  or  negative-sum 
bus. 

Both  the  split-gate  and  floating-gate  correlators  produced  the  expected 
correlation  response  with  a good  degree  of  regularity  in  the  si  delobe 
patterns. 

-5 

A transfer  inefficiency  of  10  was  measured  with  the  504-stage  test 
register  at  1 MHz  with  no  background  bias  charge. 

The  results  on  this  referenced  study  prove  the  feasibility  of  simultaneous 
incorporation  of  low  power,  high  noise  immunity  and  high  performance  CMOS 
on-chip  with  high  efficiency  CCD  devices  to  achieve  self-contained  signal 
processing  components  such  as  analog  delay  and  transversal  filters  which  do 
not  require  complex  external  support  circuitry. 
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FIGURE  115.  LAYOUT  OF  CMOS/CCD  TEST  CHIP 
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A recent  paper  [37]  by  researchers  at  Bell  Labs  discussed  the  development  of 
a 55  tap  split  electrode  filter  on  which  operational  amplifier  sensing 
circuits  and  clock  drive  circuits  were  integrated.  This  chip  used  silicon 
NMOS  technology  and  produced  a 2nd  harmonic  distortion  level  of  -50  dB  and  a 
S/N  of  60  dB  at  15  kHz. 

7.5  IMPACT  OF  CCD  ON  NON-CCD  PROCESSOR  COMPONENTS 

The  application  of  CCD's  in  a signal  processor  will  not  directly  affect  other 
processing  subsystems  in  a manner  different  from  another  technology.  It  is, 
however,  necessary  to  use  the  proper  interface  to  CCD  elements.  A CCD  unit 
cannot  simply  be  inserted  in  place  of  an  equivalent  digital  function  since, 
for  example,  if  the  device  is  a filter  its  integration  gain  may  place 
additional  requirements  on  the  A/D  converter. 

The  basic  CCD  interfaces  are  diagranmed  in  Figure  116.  An  analog  input  can 
be  fed  directly  to  a CCD  since  the  sampling  occurs  on  the  CCD  itself.  How- 
ever, in  going  from  a CCD  to  an  analog  output,  it  is  necessary  to  recover 
the  analog  signal  from  the  sampled  data.  This  will  normally  involve  a low 
pass  filter  function,  but  more  elaborate  sample-on-hold  elements  together 
with  clock  cancellation  may  be  required  in  some  instances.  Interfacing  a 
CCD  with  a digital  device  requires  a D/A  converter  at  its  input  and  an  A/D 
converter  at  the  output.  The  need  for  these  basic  conversion  operations 
must  be  considered  when  weighting  the  potential  benefits  of  CCD  versus 
digital  for  specific  applications. 

7.6  SUB-SYSTEM  PERFORMANCE  LEVELS 

Tables  38  through  40  provide  a summary  of  the  expected  levels  of  performance 
for  CCD  delay  lines,  storage  registers  and  transversal  filters.  These  charts 
together  with  those  presented  in  Section  6 can  be  used  to  predict  potential 
CCD  performance  levels  for  various  system  applications. 

7.7  CCD  COST/PERFORMANCE  TRADEOFFS 

General  projections  on  CCD  system  costs  relative  to  other  technologies  can 
be  made,  but  specific  tradeoffs  will  depend  on  the  application  and  the 
competing  technology.  For  low  data  rate  applications,  microprocessor 
techniques  will  prevail  as  most  cost-effective.  As  the  data  rates  and 
processing  requirements  increase  to  the  hundreds  of  kilohertz  up  to  10  MHz, 
CCD's  will  find  increasing  application.  Buried  channel  CCD's  operate  up  to 
and  beyond  100  MHz.  Figure  117  indicates  general  speed  performance  categories 
for  various  technologies.  The  line  of  demarcation  between  different 
approaches  will  fluctuate  depending  on  the  specific  application.  Note  that 
every  category  of  processor  can  be  built  with  special  purpose  digital  hardware. 
This  involves  paralleling  at  the  very  high  rates. 

Costs  can  be  expected  to  follow  the  basic  pattern  of  Figure  118.  A standard 
implementation  using  MSI  digital  technology  will  be  relatively  low  in  cost 
but  as  the  number  of  units  to  be  constructed  increases,  the  parts  cost  will 
become  dominant.  Thus  initial  investments  in  either  LSI  or  CCD  development 
will  produce  substantial  savings  in  the  end.  Since  fewer  chip  designs  are 
required  for  CCD's  and  fewer  parts  will  be  required  in  the  system,  the  CCD 
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ANALOG  - DIGITAL  INTERFACE 


TABLE  38  . EXPECTED  CCD  DELAY  LINE  PERFORMANCE  BASED  ON  MEASUREMENTS,  LITERATURE  AND  SIMULATION 


39.  expected  CCD  STORAGE  REGISTER  PERFORMANCE  BASED  ON  MEASUREMENTS.  LITERATURE  AND  SIMULATION 


TABLE  40.  EXPECTED  CCD  TRANSVERSAL  FILTER  PERFORMANCE  BASED  ON  MEASUREMENTS,  LITERATURE  AND  SIMULATION 
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THESE  MEASUREMENTS  APPLY  TO  CORRELATORS.  CONVOLVERS.  mCHED  FILTERS  AND  C2T  SPECTRUM  ANALYZERS 
IN  SO  FAR  AS  FUNDAMENTAL  CCO  IMPOSED  LIMITATIONS. 


TECHNOLOGY  CATEGORIES 


FIGURE  118.  TECHNOLOGY  COST  TRENDS 


l' 


unit  costs  will  be  lowest  for  large  volumes.  The  crossovers  of  "break-even" 
costs  indicated  in  Figure  118  can  not  be  assumed  to  hold  in  general.  Each 
application  will  produce  a uitferent  tradeoff. 
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APPENDIX  A.  COMPUTER  LISTING  OF  DELAY  LINE 


0091 

0002 

0003 

0004 

0005 
000b 
0007 
000S 

0009 

0010 
0011 
0012 

0013 

0014 

0015 
001b 
0017 
00ia 

0019 

0020 
0021 
0022 


002J 

0024 

0023 

002b 

0027 

0020 

0029 

0030 


C 

C CCOl.FTN 

C 
C 
c 

C CCD  STUDY  MODELING  AND  SIMULATION  OF  THE  DEVICE 

C 

C 

c 

CA********************************************************** 

c*********************************************************** 

c 

REAL  AC2),S(3) 

COMMON  /RANO/G0C10) 

COMMON  /BINSTR/G(50) 

COMMON  /CCO/Gl  (12021 
common  7INPUT/G2(1200) 

COMMON  /VOLTS/G5C10) 

COMMON  /PASS7GG(50} 

COMMON  /COEFF/COEFF(b00) 

10  CONTINUE 

WRITE(5>100) 

100  F0RMAT(1HI»  CCD  STUDY  TEST  RUN*//) 

CALL  TIME(A) 

CALL  0ATE(8) 

WRITE(5rl01}  0»A 

101  F0RMAT(5X, 'OATE:  *,3A4,5X, 'TIMEI  ',2A«//) 

CALL  LINK(»C0*) 

CALL  LINK(*C1') 

CALL  L1NK('C2») 

CALL  LINK(*C3») 

CALL  LINK(»C4*) 

CALL  LInK('C5*) 

CALL  LINKt'Cb*) 

C*  ' 

C* 

C*  THE  FOLLOWING  CODE  IS  USED  TO  FORCE  THE 

C*  main  module  to  CARRY  THE  I/O  ROUTINES 

C*  SEE  DESCRIPTION  IN  FORTRAN  OR  LINK 

C*  MANUALS 

C* 

C* 

IOUMA0 

IFCIOUM.EQ.ei  GOTO  10 
REA0(1*INDEX)  a 
WRIIECI'INOEX)  A 
REAO(6>100n  11, A 
WRITE(6,100n  II, A 
1001  FORMAT(15,E15,8,F10,0) 

end 


BESI.'AVAIUBIE  COPY 


A1 


c« 

c* 

C*  CCO  link  STNUCTUrtE 

1* 

C*  CCD»CCO,CCO<CCOl ,FTNLI8/L/U/E 

c* 

c* 

C*  ce  LINK  STRUCTURE 

C* 

C*  C0,C0<CCO.3TB,C0,CCO6,CCD19,CCD3l ,FTNLIB/L/U/E 

c* 

c* 

COMMON  /BIN3TR/XXC3B)»IJ(30J 

COMMON  /PASS/STA0C2O)  > ISTAOCaS)  >ROM{7]  , lRtil(4) 

I CONTINUE 

IF(UC9)  .nE.9990)  CALL  INSTR 
IF(IJC215.GT.0)  call  REPEAT 
IF  (IJ  (9)  .LT  GOTO  1 
lJC2n«IJ(2l)  ♦ I 
CALL  RETURN 
END 


C* 

C« 

C*  Cl  LINK  STRUCTURE 

CA 

C* 

C*  Cl,Cl<CCO.ST0,Cl,CCO5,PTNLIB/L/U/t 

C* 

COMMON  /RANO/PI»PII 
PI«4,*ATANC1.) 

PII«2,*P1 
call  PHTVAL 
CALL  RETURN 
END 


C* 

C* 

c* 

C« 

c* 

c* 

c« 


C2  LINK  structure 


C2,C2<CCD,ST0,C2,CCU2,PTNLIB/L/U/E 

call  input 

CALL  RETURN 
END 


C* 

C* 

C« 

C* 

C* 

C* 

C* 


C3  link  structure 


C3,C3<CCD,ST8,C3,CCD3,FTNLIB/L/U/E 

call  INITL 
call  return 

END 


BESrAVAIWBLE  COPY 


A2 


C4  CXNK  STRUCrURe 


i 


c* 

c* 

c* 

c* 

c* 

c* 

c« 


C<»»C4«CCO,8TB,C4,CCD7,CCOl7,CCDl8,CCD20,CCD30,rTNUlB/L/U/E 

CALL  SO 
CALL  XRUN 
CALL  RETURN 
END 


C* 

C* 

C*  CS  LINK  structure 

C* 

C* 

C*  C5,C5<CC0.ST8,C5,CCUfl,FTNLXB/L/U/E 

C* 

call  OUTP 
call  RETURN 
END 

C* 

C* 

C*  C6  LINK  structure 

C* 

C*  Cb,Cb<CCD.STB,Cb,CC02b.CCD27,CC028,CCD2q,CC01b,FTNLIB/L/U/E 

C* 

c* 

call  SETUP 
call  return 

END 


BEST7AVA1UBIE'  COPY 


W 


CCOk^FTN 


C 


C 

C 

C SUBHOUTINe  READS  IN  THE  INSTRUCTIONS  FOR  A RUN 

C 

e 

SUBROUTINE  INSTR 
REAL  A(3) 

COHMON  /CCD/XREHC,XHEaN,XS0,FCL0CR»PBAND»XZ(4) >XLEV, 
i ZUteO} iISTASE, IPR1NT,IUENGT,IFILT,NHV3»ZJ(20) 

CONHON  /BlNSrR/XXZ(3B) ,IJL(30) 

COMMON  /V0LTS/HM1,NM2,ITIME 

COMMON  /PASS/STAO(2B)|ISTAO(20)>IVAR,IVAR1,ROn(7),IRNC4} 
COMMON  /RANO/Rt C4}>RR(S) 

DATA  A/4MTEMP,4H02,D,4HAT00/ 

IJL(2i)>B 
IRN(J)*0 
ZJL(9}*9R9B 
WRiTECSf 7000} 

7000  PORMATC'  CREATE  NEW  PILE  ON  OAT  SLOT  2 Y«0  N*!  */) 
REA0(fc,91)  I 

ZP(I.NE,0)  GOTO  70OB 
WRITC(S»7001} 

7001  FORMATC  NAME  OF  FILE  XXXXXX.O  •/) 

READ(fa,7002}  A(n,AC2) 

7002  F0RMAT(2A4) 

700S  WRITE(S»7003)  A 

7B0i  FORMATC*  NAME  OF  FILE  FOR  THIS  RUN  S3A4F/) 

CALL  SETFILC2>A,IER2>*0KSB) 

DEFINE  FILE  2 (50# S4, U, I VAR) 

I WRITE(S>100) 

100  FORMATC'  THE  NUMBER  OF  STAGES  IN  THE  CCD  (FIB.B)*//} 
REAO(S,101}  X 

101  FORMATCF10«B) 

IUPRER*SB0 

1LONCR«0 

XSTAGEiX 

ifcczstage.6T.iloner),ano,cistase.le.iuppcr})  goto  3 

WRITE  (S,2en  ISTAGC,IL0WER,1UPPER 

201  FORMATC*  ERROR  MESSAGE  • OF  STAGES  TO  SMALL  OR  TO  LARGE*/ 
2*  • OF  STAGbSl  *»I4,'  LOWER  LlMITl  ',I4|'  UPPER!  *»14//) 
GOTO  1 

3 WRITECS«103) 

103  FORMATC'  SO  OF  THE  INITIAL  STATE  CF10.0)  */ 

2*  IF  < 0 THEN  NO  BACKGROUND  VOLTAGE  ADDED  */) 

RCAO(b,101)  XSO 

C* 

C* 

C*  CMANGE  02/22/77 

C* 

XXZC3)*XSO 

IJLC1)*I9TA6E 

4 WRITE(6»104} 

I0A  FORMATC*  surface  or  dURIfeO  DEVICE  (0  OR  I,)*/) 

REAOCN.lSn  zzi 

IJ(1)«ZZ1 

iJL(^)»iJ(n 

1F((IJC1}iLT.0).Om.(1JC1}.CT,1))  goto  4 


» A4 

BESI  AVAIIABIE  COPY 


10S 


107 

7B91 

109 


9050 

7011 

5 

1000 

6 

206 

1006 

60 

701 

60 

S30 

90 

91 

9008 


W9irE(6f 106) 

FORMATC'  ARE*  OF  mELL  IN  MlL*«2  */) 

REAOCb,101)  ZL(5) 

MRITE(6»107) 

FORMAT('  X OF  BACKGKOUNU  CHARGE  •( 

2 • <0  THEN  SPECIFY  TRANSFER  LOST  »/) 

READ(b,101]  ZL(6) 

1F{ZH6)  .LT,0.)  WHITE(b,789l) 

FORMATC*  FRACTION  LOST  EACH  TIME  .XXXXV) 

IF(ZLC6) .LT.0.)  RtAO(6,101)  XRERC 
IF(ZL(6}.GE.e.)  CALL  CTI(ZL,XFEKC,IJ) 

WRITE16» 109] 

FORMATC  CLOCK  SMING  VOLTAGE  */) 

RE*l)C6,10n  ZL(6) 

XXZCDaXPERC 

XXZdSJaZLCS) 

XXZC16)aZL(6) 

XXZ(ia)aZL(8) 

WRITEt6>90S0) 

FORMATC'  PLOT  OF  INPUT  AND  OUTPUT  Ya0  Nal  »/) 

REA0(6,9n  IJH7) 

MRITE(6,7011) 

FORMATC'  FFT  OF  OUTPUT  Yal  Nae  '/) 

REA0(b,91)  IJLC30) 

WRITE C5, 1000)  1STAGE,XPERC»ZL(6) ,ZL(9) 

FORMATC'  # OF  STAGES  IN  THE  CCO  ',15/ 

3'  CTl  OF  DEVICE  ',1PE15,8/ 

4*  X OF  THE  BACKGROUND  CHARGE  *,1PE15.S/ 

4»  area  of  the  well  CMIL»*2) IPElS.e//) 

WRITE(6,206) 

FORMATC'  CLOCK  FREQUENCY  CFl0)  '/) 

CLCKMXal  ,E10 
REAO(6,101)  FCLOCK 

IF CCFCLQCK.GT.0.) .*NO, CFCLOCK.LE.CLCKMX))  GOTO  60 
WRiTECb, 1006]  CLCKMX 

FORMATC'  CLOCK  RATE  QUTSIOE  OF  RANGE  OF  0,  TO  'F10,0/) 
GOTO  6 
CONTINUE 

WR1TEC5,701)  FCLOCK 

FORMATC'  CLOCK  RATE  ',1PE13,6/) 

wRITE(6,800) 

FORMATC'  TMt  length  OF  TIME  OF  THE  RUN  < 1201  '/) 
REAO(6,t01)  ZZl 
iTIMEaZZl 

lFCtITlME,LT.0),OH,tITlME,GT,1200))  GOTO  60 
WRITE(6,90) 

FORMATC  PRINT  OUT  INTERMEDIATE  VALUES  NOa0  YESal'/) 

REA0C6,91)  IPRINT 

FORMATCin 

WHITEC6,9008) 

FORMATC'  feedthrough  VOLTaGE  AOOEO  TO  OUTPUT  Na0  Yal*/) 


C* 

Ca  MAXIMUM  INPUT  VOLTAGE  IS  2.8  VOLTS 

Ca 

Ca 

XXZ(a)aFCLOCK 


<>fc  wmTElb,93) 

95  P0RMAT(*  duration  OP  THE  91GNAC  HINafl  HAX»ieB0«/) 

REAOCb.ten  Z21 
ILENCTaZZt 
WRITE (bfTaZa) 

7020  PORHATC*  TYPE  OP  SIGNAU  PUU8E  *0  SIN  • 1 •/) 

REA0(6,9n  lJi.(29} 

IPCIJLC29] .EO.0}  GOTO  95 

7022  WR17Elb,702l) 

7021  FORMAT{'  « OF  SXNUSOOIALS  F10,  < 5*/) 

REAO(b,t0n  ZZl 

IJL(28)aZZl 

IP((IJI.(2S}.l.E.0).OR,(IJL(2a}.67.4}}  GOTO  7022 
IKKaUCtas) 

IKL«30 

00  7023  I«i,lKK 
wRITE(6|702a)  I 

7024  FORMATC'  FREQUENCY  OF  THE  »»I3,»  SIGNAL (HERTZ) »/) 
RCAu((>,iei)  zzi 
XX2(IKL)»ZZl 
WRITE(b,6025)  I 

8025  F0RMAT(»  amplitude  (*  OP  WELL)  OF  THE  *,I3,*  SIGNAL*/) 
READ(6,101)  STAD(I) 

STAOCI)3WW1*STAOC1)/100, 

WRITEC5,703a)  I,ZZ1,STA0(I) 

7030  FORMATC  frequency  OF  THE  ',I3,»  SIGNAL  *,1PE1S.8/ 

2 ' amplitude  (VOLTS)  OF  THE  SIGNAL  *»lPtl5,8/) 

IKLalFL  • I 

7023  CONTINUE 
WRITE(b,80Si) 

6053  FORMATC  DC  dIAS  (X  OF  WELL)  TERM  AOOEO  TO  INPUT  F10  »/) 
READ(<),l0n  XXZ(5) 

XXZ(5)aWWl*XXZ(5)/'t00, 

GOTO  9918 
95  CONTINUE 

WRlTE(t),92)  XMAXV 

92  FORMAr('  INPUT  LEVEL  OF  SIGNAL  MAX«  »»F10,5,»  VOLTS*/) 

REAO(b,10l)  XLEV 

IF((XLEV. LE.0.), OR. (XLEV.GT, XMAXV})  GOTO  9S 
9918  CONTINUE 

1JL(3)»ILEN6T 

IJL(S)»NRVS 

XXZtl0)«XLEV 

WRlTE(b«8010) 

8010  F0RMAT(»  non  LINEAR  input  WaRPING  Y»B  N»1»/) 

REA0(b,91)  IJ(12) 
wRITEC6,97) 

97  FORMAT('  filter  RESPONSE  COMPUTED?  Na0  Y«l*/) 

REAo(b,10l)  ZZl 
IFILT»ZZI 
IJL(20)at 
WRITE(b,9013) 

9033  FORMATC  DARK  CURRENT  AUOED  Y«0  N«1  */) 

READ(b,91)  IJ(13) 

IF(IJ(13) .EO.l)  GOTO  903b 
write  (6»  9034) 

V034  FORMArC'  A-tdlcNT  TEMPERAfuRt  UEGREES  C '/) 

REAOCb,\0n  T71 
XX/(Pb)sZ/l  ♦ 273. 

WRlTF(5,9035)  ZZl,XXZ(2b) 


I A6 

I BESTIVMIE  COPY 

L 


9033 


^ORM*T('  AMBltNT  TEMPERATURE  CC)  (K)  '»Fl0.4/) 

wRiTE(6»  tran 

1701  PORMAT('  00  YOU  WANT  TO  HOLD  THE  SIGNAL  FOR  ANY  */ 

2 * OF  TIME  Y»0  N»l  ♦/) 

REA0(6,9n  1JL(20] 

IF(IJL(20)  .EQ.n  GOTO  9036 
WRITEC6>1702) 

1702  FORMATC*  TiMEtSEC)  LEFT  IN  OELAY  LINE  */) 

RbAO(b,10n  XXI(21) 

WRITE(6, 1703) 

1703  FORMATC*  frequency  CLOCK  SIGNAL  OUT  AT  •() 

REAo((>,i0n  xxzcea) 

write C5, lT0tt)  XXZ(4) ,XXZ(2t) ,XXZ(22) 

1704  FORMATC'  INPUT  SAMPLING  RATE  *IPE1S,S» 

2 • TIME  left  IN  device  'rlPElS.Si 

3 » OUTPUT  sampling  RATE  MPEIS.S/) 

9036  CONTINUE 

IJLC4)«IFILT 

IJLC17)>IJC12} 

IJLCia)«IJCl3) 

WRITEC6»6011) 

6011  FORMATC'  MULTIPLE  RUN  Y»#  OF  CHANGES  N»0  F10*/) 

READCb,101)  ZZl 

IJLC19)«ZZ1 

IFCIJLC19) .CQ.0}  GOTO  6000 
WRITE(6,b012) 

6012  FORMATC'  WHICH  INPUT  IS  TO  BE  CHANGED  •/ 

2 » !•  P OF  STAGES,  2»SURF ACE/BURIED  '/ 

3 * 3»  AREA  OF  WELL,  4»STORAOE  TIME  CSEC)  »/ 

4 * 5«CL0CK  FREQUENCY, 6«AMBIENT  TEMPERATURE  V/) 

REA0C6,91)  IJL(22) 

KwULCIR) 

DO  6019  Iwl,K 
WRITEC6,6013}  I 

6013  FORMATC'  INPUT  THE  ',16,'  VALUE  '/) 

REAO16,101}  RRCI) 

6019  continue 

WR1TEC5,6015)  CI»RRCI),I*1,K) 

6013  FORMATC'  multiple  RUNS  '//7 { 1 X , 12, 2X, IPEIS.S) ) 

HRITEC6,a717) 

8717  FORMATC'  SECOND  VARIABLE  CHANGING  Ya«  NwB  '/) 

READC6,91)  IRwCl) 

IFClRWCli ,EO.0)  GOTO  8000 
WRITEC6,6012) 

REA0Cb,91)  IRWC2) 

KwiRWCl) 

00  6718  I«1,K 
MR1TEC6,6013)  I 
REAOC6,101)  ROWCI) 

8718  CONTINUE 

WRITEC5,6ei3)  CI»R0WCI},1*1»R) 

WRITE(6,800l) 

8001  FORMATC'  run  with  NOISE  Y«0  Nal  '/) 

REA0C6,9n  IJC3) 

IJL(9)iIJC3) 

IFCCIJC3).LT.0).OR.CIJC3).GT.l))  GOTO  8000 
IFC1JC3).EU.1)  RETURN 
K«1  P 

00  9000  l»3,ll 

BBTAYMUBlt  COPT 


A7 


xJu(K)*a 

KaK  ♦ 1 

90BB  CONTINUE 

MRlTEC6ia00S) 

6003  FORNATC*  SELECT  THE  PARTICULAH  NOISE  INPUTS  Na0,Yai*/) 
REA0(b,9n  IJ(5) 

IJL(10}aIJ(S) 

IF(lJ(S}.EQ.a}  RETURN 
WRlTE(6fS004) 

6004  P0RMAT(»  AOO  in  input  NOISE  Ta0  Nal  »/) 

REAO(6,9n  IJ(6) 

WRITE(b*600S} 

6005  PORHATC  ADD  IN  THE  SHOT  NOISE  Ya0  Nal*/) 

REAOCbjSn  IJ(T) 

WRlTE(b»S00b} 

600b  FORMAT!'  ADO  IN  THE  TRANSFER  NOISE  Ya0  Nal*/} 
RCA0(b,91)  IJ(6) 

WRITECb>6007) 

8007  FORMAT!'  ADD  IN  THE  OUTPUT  NOISE  Ya0  Nal*/) 

READ!b,9n  IJ(9} 

WRlTE(b»8008) 

8006  FORMAT!'  ADD  IN  THE  FILTER  NOISE  Ya0  Nal*/) 

REA0!b,91)  1J!10) 

WHlTECb>6O09) 

6009  FORMAT!*  AOO  IN  INTERFACE  NOISE  */) 

READ!b,91}  IJ(II) 

Kali 

00  S7  labtll 
UL!K}alJ!I) 

KaK  ♦ 1 

57  CONTINUE 

RETURN 

END 


I 

I 


A8 


CO 

CO 

Co  CC0l9,FTN 

CO 

Co 

Co  CONFUTES  CTI  FOR  SURFACE  AND  BURIED  DEVICES 

Co 

Co  12/22/77 

Co 

Co 

SUBROUTINE  CTI  (Zt,>ZFERC»  IJ) 
integer  IJ(5) 

real  ZLCZB) 

XoZL(fc) 

iFCiJdj.Eo.n  goto  100 
IFCX.GT.A.)  goto  1 
ZFERCa3.6E«« 

RETURN 

1 1F(X,6T,S.}  GOTO  2 

ZPERCa.2,7E-4*X  * 1.4E«3 
RETURN 

2 IF(X.GT,10*)  SOTO  3 

ZRtRC«-l.E-5oX  o 1.4Ca4 
RETURN 

3 ZPERCa3,9E-S 
RETURN 

100  If(X.bT,4.}  GOTO  101 

ZPERCa-l,6E-baX  ♦ 1,1E*4 
RETURN 

101  IF(X.GT.13.S)  GOTO  102 

ZPERCa.2,lE-6ox  0 5,SE«5 
RETURN 

102  ZPERCa2,SC-5 
RETURN 

ENO 


BBl  AVAllABlt  OTT 


A9 


CCOSi.FTN 


C* 

c* 
c* 
c* 
c* 

SUBROUTINE  REPEAT 
REAU  A(3) 

COMMON  /BlNSTR/AX(3ei),IJ(30) 

COMMON  /RAND/Rl  (4) »RRC6) 

COMMON  /PASS/STADC2B) ,ISTAD(20) ,XVAR,IVAR1,R0N(7)|IRW(4} 
DATA  A/aHTEMP,4M02.O,4HAT00/ 

CALL  5ETPIL(a,A,Ibk2,'DK»,0J 
OEFiNt  PILE  2(S0,64,U»1VAR) 
iPCiJcai) ,GT,iJ(i9)]  GOTO  ieee 
K>IJ(22) 

KK>ij(2n 

CALL  PINOERtRR,T,K,KK) 

IP((1J(21} .EQ.1).ANU,(IRW(3) .EQ.B))  ROW  (7) *7 
RETURN 

1800  continue 

IRW(3]aIRW(3)  * 1 
IP(IRWC3}.GT,IRM(in  goto  2088 
KalKWCZ) 

KK«IMW(3) 

CALL  MNOERCROM,  Y,K,KK) 

KaIJ(22) 

KK»7 

IJ(2n«0 

CALL  FINOER(ROw,T>K,KK) 
return 

2008  CONTINUE 

IJC9}>«i800O 

RETURN 

END 


CCOSS.fTN 


c* 
c* 
c« 
c« 
c* 
c* 
c* 

SUBrOlTINE  FlNOER(A,V,K|KK) 

SEAL  A(2) 

COMMON  /BINSTH/XXC3e),IJ(S0) 

XBA(KK) 

RRlTEtSi  1010)  K,KK»A(KR) 

1010  format;'  variable  chances  *»a(X6, ix) , ipeis.s) 

GOTO  (10,20,30,a0,S0,00) ,K 
WRlTE(b,1000}  K 

1000  format;'  ERROR  MESSACE  IN  REHEAT  ',16} 

STOF 

10  raiJCl) 

IJ;i)aA;KK) 

RETURN 

20  Valj;6} 

Ij;6)aA;KK) 

RETURN 

30  YaXXClS) 

XX;iS}aA(KK) 

RETURN 

A0  YaXX;21) 

XX;21)aA(KK} 

RETURN 

50  YaXX(a) 

XX;a)aA;KK) 

RETURN 

60  YaXX(26)  • 273. 

XX;26)aA;KK)  ♦ 273 
RETURN 
END 


BlSl  WAllM  COPT  I 


All 


CCOS.PTN 


eeei 

0002 

0003 

0004 
0009 


0006 

000? 


0000 

0004 

0010 

0011 

0012 

0013 

0014 

0013 

0014 
0017 
0010 
0019 
002(: 
?‘.'?1 

0e'!3 


0024 

0023 


C* 

Cl 

c* 
c* 

C*  9Ua40UTINE  PHINTS  OUT  MEANS  ANO  SO  OP  THE 

CA  VARIOUS  NOISE  RANDOM  VARIABLES 

C« 

c* 

subroutine  PRTVAL 

REAL  JOtNSS 

common  /BINSTR/XX(30),IJL(30) 

COMMON  /RAND/PI, PIl, 111,112 
common  /PASS/STAO(20) 

C* 

Ct 

C*  NOISE  ADDED  OR  NOT 

C* 

INOXSEalJLCSl 

IDARK«1JL(16) 

c* 

Ct 

Ct  CONSTANTS  NEED  IN  CALCULATIONS 

C« 

C* 

C* 

XKBbB. SITE'S 

AREAsXX(i5}*6t4S16E'4 

O>l,b02C-19 

NSS>1 .ElB 

C»1.E-13 

QQBl,b496e'24 

TO«100,E-6 

XO»l.C-4 

SIGMAAl.E'lS 

VTH»8,E5 

XNSTiS,E9 

XNNN>5«C14 

XLNa0. 05609 

TEMPaXX(26) 

PCL0CKaXX(4) 

FCL0X2aXX(22) 

Ca 

Ca 

Ca  INPUT  NOISE 

Ca 

Ca  MEANa0 

ca 

Ca  VARa  XKBaTEMPaC/OaaS 

Ca 

Ca 

ca 

XaXKBaTEMP 

XX(6}aSaRT(2.aXaC/(3.aa)) 

Cl 

c* 

Ca  OUTPUT  NOISE 

Ca 

C*  SAMS  t;  ABOVE 

C* 


BEST'AVAIUBIE  COPY 


F 


0026 


XX(9)»XX(6) 


0027 


0028 

0029 


0030 

0031 

0032 

0033 
0039 

0035 

0036 

0037 

0038 

0039 

0040 

0041 

0042 

0043 

0044 
0043 

0046  ^ 

0047 

0048 

0049 
0030 
0051 
oeso 
0O9S 


c* 

Ct 

c* 
c« 

C4  FAST  interface 

C* 

C* 

Cl 

C MEANaO 

C SDaSQRT(0.7aKaTEMP*NSSaARCA) 

C 

C 

XX(19}BS0RT(0,7*XaNSSaARCA) 

C* 

C« 

C*  ..  . 

Ca  FILTER  NOISE 

Ca 

ca 

Ca  MEAN  a 0,0061 

Ca 

Ca  SO  a 0,07 

Ca 

XX  C20} a0,0O6l 
XXtl7)a0,07 

Ca 

Ca 

Ca 

Ca  dark  current 

ca 

Ca 

IF(XX(2b) .LT,250,]  GOTO  30 
XNlai,2i/(8.617E-5aTEMP) 

XNIaEXP(-XNI) 

XNl»XNlal,5E33 

XNlaxNIaTEMPaaS 

XNIaSORTCXNI) 

GOTO  51 

50  CONTINUE 

XNlaS3228e27,S8 

51  continue 

G0IEXN1*XNI*XLN/ CXNNN*TO) 
GSIa0.5*XNl*SIGMAaVTH 
GDlaXMaXO/  (2.*T0) 

XX(2Slai0000, 

ST*D(20)aGBl 

STA0(19}aGSI 

STAU(18}aGDl 

STAOdTjaAREAXCFCUOCXaa,) 

XX(24)aAREA 
3T*0(lb)*XN5T 
STAD(13}aQO/l,0363E-3 
IFCIOARK.EO.I)  XXC2S}a0, 

IF  CIOARK.fcg.t')  wKlTe  (5,8010)  Gai,CSI,G01,T0TALl 
8010  FORN*T('  INDIVIDUAL  SOURCES  OF  DARK  CURRENT  »/ 

2 b(3X,lPEl5.8]] 

C* 

Ca  SHOT  NOISE 

Ca 


’ best  AVMUBlt  COPT 


C« 

MEANae. 

C* 

c* 

50«  S0KT(J0*Artt:A/a*FCL0CK) 

c* 

c* 

0054 

JD*GBI  * CSI*XNST  ♦ GDI 

0055 

jO«jO*8rAO(15) 

0054 

XX (7) aSORT (JD*ARE*/ CQaFCLOCK) ) 

0057 

17 (XJL(20} .£0.0)  XXl23)a30RT(JD«AREA/(aaPCL0K 

c* 

c* 

PRINT  OUT  THE  MEANS  AND  SO 

c* 

c* 

0058 

rF(IN0ISE,E(3. 1 J KETUPN 

0055 

WR1TE(5,9088)  XXC25) 

0040 

9088 

PORMAK'  DARK  CURRENT  EUECTrtONS  AOOEO  PER  • 

2 

•TRANSFER  MPElS.a//) 

C* 

0041 

Za0. 

0042 

MRlTEC5r2)  Z«XX(4) 

0045 

WKITEC5,3)  Z,XX(7) 

0044 

WRITE15>5)  Z,XX(9) 

0045 

0RITE15,6)  XXC20),XX(17) 

0044 

WRITEC5,10}  Z|XX(19) 

0047 

MRITE(5»7)  (lJUCI) »Xat0,14) 

0064 

7 

FORMAT('  STATUS  OF  THE  NOISE  SOURCES*// 

2' 

SELECT  THE  NOISE  INPUTS  Tal  Na0  *,12/ 

3' 

AOO  IN  INPUT  NOISE  Y»0  Nal  *,18/ 

4' 

ADD  IN  SHOT  NOISE  Ya0  N*!  ',12/ 

5' 

ADO  IN  TRANSFER  NOISE  Ya0  Nal  *,12/ 

6* 

ADO  IN  OUTPUT  NOISE  Ya0  Nal  *,12/ 

7' 

AOO  IN  filter  NOISE  Ya0  Nal  ',12/ 

8' 

ADD  IN  interface  NOISE  Ta0  NH  *,I2//) 

0049 

2 

PORHATt'  MEAN  OF  THE  INPUT  NOISE  *,1PE15,8 

2 

* SO  ',lPEl5.e/) 

0070 

3 

FORMATC*  MEAN  OF  THE  SHOT  NOISE  »,1PE15,8 

2 

* SO  *,IPE15.8/) 

0071 

4 

PORHATC*  mean  of  THfc  transfer  NOISE  ',IPE15.8 

2 

• SO  »,IPE15,8/) 

0072 

5 

PORHATt*  MEAN  OF  THE  OUTPUT  NOISE  *,IPE15,8 

2 

* SO  *,IPE15,8/) 

0073 

6 

FORMATC'  MEAN  OF  THE  FILTER  ERROR  ',IPE15. 

2 

' SO  ',IPE15,8/) 

0074 

10 

FQRMATt'  MEAN  OF  THE  INTERFACE  NOISE  ',lPEl5 

2 

* SO  ',IPE15,8/) 

0075 

RETURN 

0076 

ENO 

onoocionooo  o o o o o o o o n o o o r»  r» 


CC02.PTN 


SUBROUTINE  generates  THE  INPUT  SIGNAL  TO  THE  CCD 


A5SUHES  THAT  MAXIHUH  VOLTAGE  IS  2 VOLTS  (XHAXV) 
NHICH  CORRESPONDS  TO  ELECTRONS  (XMAXEL) 

ITIHE  IS  THE  CCO  RUN  TIME 

SUBROUTINE  INPUT 

REAL  A(30) 

COMMON  /INPUT/ELECTR  (1200) 

COMMON  /BINSTR/XZ(30) ,IJ(30) 

COMMON  /V0LTS/XMAXV,XMAXEL»IT1ME 
COMMON  /CCO/HOLO (1200) 

COMMON  /RAN0/P1,P1I 
COMMON  /PASS/STAO(20) 


TRIAL  RUN  IMPULSE  AT  TIME  ZERO 


• 02/16/77  CHANGE  IN  FULL  WELL  ELECTRON  COUNT 

A 

• CLOCK  SWING 

• 

CSPXZdS) 

AREAaXZ(IS) 

C0UL»2.625E-13 
ELECR«6,2eieAl8 
XMAXELaAREA*COUL*ELECR*CS 
IF(IJ(6) ,EO,l)  XMAXfcL«XMAXEL/2, 
XZ(2)*KZ(16)*XMAXEL/100, 

WRlTE(5,l0e0)  XMAXV,XMAXEL,CS,IJ(6) 

1000  FORMAT('  MAXIMUM  INPUT  VOLTAGE  ',IPE1S,8» 

25X, 'CORRESPONDS  TO  MAXIMUM  NO,  OF  ELECTRONS  S1PE15,8/ 
31X, 'CLOCK  SWING  VOLTAGE  ',lPEl5,8/ 

a'  8URFACE(FAT  ZERO)  0 OR  BURItOISLlM  ZERO)  1 ',12//) 
CONST»XmAxEl/XMAXV 
CC2»l, /CONST 

WRITE(5,20O(?)  XZ(10),IJC3),XZC5) 

2000  FORMAT!'  voltage  OF  THE  SIGNAL  ',F10,<I,'  LENGTH  *, 
2'OP  THE  signal  ',16/ 

3'  BIAS  voltage  added  TO  INPUT  ',F10.«/) 

AVE«XZ(2) 

SD*XZ(i) 

IF(SO,LT,0,)  GOTO  10 
Ka31 

DO  A !■! , ITIME 


IFCK,Lt.30)  GOTO  1 
K»l 


I CONTINUE 

eitciH ID ■* I*) ‘SD  ♦ *vt 

K«K  ♦ I 

4 CONTINUE 

GOTO  22 

10  DO  15  UDITINE 

ELECTR(D«a, 

15  CONTINUE 

20  CONTINUE 

DCIJC3).E0,0)  RETURN 
Il«IJ(3) 

VOLT»XZ(10) 

DClJCasl.Ea.D  GOTO  7000 
IFCIJCITI.EU.D  GOTO  26 

C« 

C*  NON  linear  input  ChARACTERISTC 
Ct 

C»  03/29/77 

c* 

IF  CVOLT,GT.a,<(20)  GOTO  22 
V0tT«2,763*V01.T  » 0.082 
GOTO  2b 

22  IF(VOLT,GT.I,2803  GOTO  24 

VOLT»0,98*VOUT  ♦ 0,666 

GOTO  26 

24  VOLT»0,572«VOLT  * 1,183 

2b  continue 

00  25  I»DU 

ElECTR CD ‘VOLTaCONST  ♦ ELECTRCI) 
IF(ElECTRCD.GT,XMAXEL)  ELECTRCD'A'^AXEL 

25  CONTINUE 

IFClJtlT) ,EO.03  WRITECS, 1050)  VOUT 
1050  FoRMArc'  non  linear  input  voltage  DIPEI5,8/) 

RETURN 

7000  CONTINUE 

V0lTM2iXZ  C5) 

IK»IJt28) 

SAMPlM  ./XZC4) 

TIM£«0, 

DO  7050  II*t,Il 
MOLDCID«0, 

IX2*30 

00  7040  I»l,IK 

FWtO»X2  CI'<2)  «PII*TIME 
HOLOCin  *«ULU(ID  ♦ STA0CD*SIN(FRE(3) 
IA2«IF2  - 1 
7040  Continue 

TIME»TIME  ♦ 3AMPL 

7050  CONTINUE 

DO  7060  II*  Dll 
VOLr»HOLOCII)  ♦ V0LTM2 
VOLTiVOLT  ♦ ELECTk Cl  I) *CC2 
IFCUCIT)  .EO.D  GOTO  7059 
IF (VOLT, GT, 0.420)  GOTO  7051 
VOLT*VuLT»c; , 783  - 0.082 
GOTO  7059 

7051  IFCVOLT.GT.  1.280)  GOTO  7052 

GUTO  7059 

T-.i  ',3 '7  2 * I,  »3 


BESrAVAIUBLE  COPY 


A16 


7059 

7090 

8000 


CONTINUE 

tttCTRl  in 'VOLT  •CONST 

If  (eLCCTKCin.ST.XMAXELJ  EUECT^CII)  ■XMAXEL 
continue 

STA0(5}aXZ(S}*C0NST 
RETURN 
REWIND  1 
GOTO  Boot 
END 


A17 


c 

c 

c ccoj.ftn 

c 
c 
c 

C subroutine  initializes  CCO  fon  INPUT  DATA 

C 

c 

c 

subroutine  INITL 
REAL  AAC30) 

COMMON  /CCO/CCOW(2,6015 
COMMON  /flINSTR/XJ(503 ,IJ(30) 

COMMON  / V0LTS/XMAXV» XMAXE 
COMMON  /PASS/STAO(20) 

ISTAGt»IJ  tl) 

IPHINTsIJ  C2J 
IN0ISE»IJ(8) 

IF(IJ(293  ,EO.n  GOTO  7000 
AVE«XJC2) 

SD»XJ(33 

IFC$O.LT,0,)  GOTO  100 
WRITEC5*5053  Ave,SO 

505  FORMATC'  mean  value  OF  THE  INITIAL  STATES  '.VPEIS.S/ 

? ' SO  OF  The  INITIAL  STATES  ',IPE15,8/) 

I»1 

1 RbAD(l»ENOi8000|EHRa8000)  AA 

K«1 

2 continue 

CCD*' (2,  I)  lAA  (K)  *so  ♦ Avr 
kESaCC0*(2,n*Xj(l] 

CCOW  Cl » I) »RE3 
CCDWC2»I)»RE8 
1»I  ♦ I 
K«K  * I 

IF (I.GT.ISTAGE)  GOTO  3 
IECK,GT,30:  GOTO  I 

GOTO  2 

3 CONTINUE 

IF (IPRINT.NE. n RETURN 
NRITE C5> 1000}  (I  > 1*1 , ISTAGE) 

1000  FORMAT (15X, 'STAGES  '/C13110)} 
taRITEC5,1001}  CCC0wCl>I}«CC0WC2,n(IaliISTAGE) 

1001  format  C12C1 X,E10, 2} } 

RETURN 

100  DO  110  I*1«1STAGE 

CCQh  (1 • 1] *0, 

CCO*  C2i 1) *0. 

110  continue 

200  WRITE(5,20n 

2k1  FCKmAIC'  no  bACKGKuUND  VOLTACt  ADDED  '/} 

return 

7000  CONTINUE 

blAjioTAO  IJ} 

PfArHIiStVlCn 
B1AS*BIAS  • RES 

CLU*Cl»i}»MtS 


CCDM(2»l}*ReS 

real  continuc 

WRlTE(9»7eie)  RtS^BlAS 

7B10  FORHATC*  BIAS  TERMS  ADDED  TO  WELLS  *>2(2X, IPEIS.8)/) 

RETURN 

eeee  remind  i 

60TO  I 
END 


A19 


c* 

c* 

CC07.rTN 

c* 

c 

c 

c 

SuBKOUTINt  DOCS  THE  BOOKKEEPING  EOH  ThE  CCD2  ARKAY 

c 

VERSUS  TIME 

eeet 

c 

Subroutine  xrun 

REAL  AC30},B(30} 

eeas 

COMMON  /VOLTS/Ol ,02, ITIM 

eeeo 

COMMON  /CCD/CCnN(2,601) 

0ees 

COMMON  /1NPuT/£uECTH(1200J 

0006 

COMMON  /BINSTR/XPtRC, XMEAN,XSO»PCLOCK,FBANO,X2 (25) ,1  STAGE 
2 ,IPRINT, ILENGT, IFILT, ILJ(3) ,INO18E,1JJ{20) 

0007 

COMMON  /PASS/STAO (20) , ISTAO(20) » IVAR 

000B 

c* 

LL*ISTA6E  * 1 

c* 

SHOT  NOISE 

c* 

INPUT  NOISE 

c« 

transfer  noise  CHANGED  03723/77 

c* 

INTERFACE  NOISE  ADDED  03/24/77 

c* 

c* 

0009 

ISTARTH 

0010 

IPP«1 

0011 

i3>e 

0012 

I4«0 

0013 

IJJ(17)«0 

0010 

OARKsXZ(20) 

0015 

IF  (DAKK.EO.e.)  GOTO  5000 

0016 

13»31 

0017 

6er«STAO(20) 

0016 

GS1*STA0(19) 

0019 

GDI*STA0(16) 

0020 

GGiGBl  t GDI 

0021 

C0N5T*STAD(17) 

0022 

XNST»STA0(16) 

0023 

CUR«STA0(15J 

0020 

61*CUR*Gel 

0025 

G2»CUR<ii>SI 

0026 

G3>CuB*G01 

0027 

5000 

CONTINUE 

0026 

IPdNOlSE.EO.n  GOTO  6000 

0029 

&0INPT»STA0(1) 

0030 

SDMI0L»STA0(2: 

0031 

S0TRAN»S0ST(2.*XPERCJ 

0032 

InPT»ISTaD(1) 

0033 

IMlDtiISTA0(2) 

0036 

13>31 

0035 

continue 

0036 

IFdFILT.EO.l)  CALL  COEFPS 

0037 

ILLiITIM 

0036 

ITlMtsITlM  ♦ ISTAGE 

C”039 

IP(1JJ(12),E!:.0)  iTIMEilSTAGt 

0046 

IEnDiI 

V 4 i 

0042 

2329 

CONTINUE 

A20 

BESTIVMIE  COPY 


t 

I 

i 


0943  DO  1 JalSTARTflTlriE 


0944 

IPd.EQ.D  GOTO  7002 

0049 

letCINal  • 1 

0044 

I6ND-1  - ILL 

0047 

IFCIBEGIN.GT.XSTACE)  IBEGINalSTASe 

0040 

IPCIENO.GT.ISTAGE)  lENDaZSTAGE 

0049 

IPCIEND.LE.O)  IENO*! 

0090 

CCOMd.LLlaO. 

0051 

JalBECiN 

0052 

IPCIPNINT  ,NE,1)  GOTO  25 

0053 

WRITE  (5, 1001)  1,  (CCDWC1«JJ)>CCDW(2,JJ),JJ4  1,LL) 

0054 

1001 

PORWAT(ia,  (6C1X|E15,0))) 

0059 

29 

continue 

005b 

00  2 K>1,1STAGE 

0057 

C* 

JJ-J  ♦ 1 

C* 

PINO  RESIDUE  AT  CLOCK  PUL8E  2 IN  EACH  WELL 

c* 

TRANSFER  remaining  CHARGE  TU  WELL  AT  CLOCK  1 

c* 

c* 

c« 

leave  residue  in  old  well  at  clock  2 

0050 

RES«XPERC*CCDW(2, J) 

0059 

CCDW(l,JJ)«CCDW(l,JJ)  * CCDw(2tJ)  • RES 

0060 

IFCOARK.EQ.O.)  GOTO  5010 

0061 

IFCI3.LE,29)  goto  5001 

0062 

1341 

0063 

3001 

CONTINUE 

0064 

ReA0(l»CN043000>EKR430ee)  A 

0065 

5001 

CONTINUE 

0066 

RAYiSQRT  (A CI3) **2  w A(I3  ♦ 1}«*2) 

0067 

RAVY»XNST*RAT 

0060 

RAY4HAYY*G2 

0069 

0ARKK4C0NST* CGS1*RAYY  * 6C) 

0070 

CCDWCdJJ)*CCOw(l,JJ)  * DARKK 

0071 

GSUMbRAY  ♦ G1  ♦ G3 

0072 

IFCI.LT.Sl  WRITECS,5002)  I , G1 , R AY| G3» 6SUM 

0073 

5002 

FORMATC'  CURRENT  DENSITIES  d 16 , 6 Cl  X » ElStO) ) 

0074 

IF(1,LT.6)  WR1TEC5>5I303]  I.OARKK 

0079 

5003 

FORMATC*  ELECTRONS  ADDED  PER  CLOCK  * , 16, 1 X , EIS ,0) 

0076 

I3»I3  ♦ 2 

0077 

sole 

CONTINUE 

0070 

IF CXJJ(5).ea.O}  XRES*CC0WC2f J) 

0079 

CC0WC2f J)>RbS 

0000 

IFCINOISE.EQ.I)  GOTO  8001 

0081 

c* 

IF CIMIDL.EQ.O]  GOTO  8001 

c* 

ADO  IN  noise  SOURCES  OF  MIDDLE  REGION 

c* 

c* 

SHOT  INTERACEA2 

0082 

IFCZ3.LE,30}  GOTO  10 

0003 

1341 

0084 

3011 

CONTINUE 

0009 

RCADCl,ENO43Oie,ERR430ie)  A 

0086 

10 

CONTINUE 

0087 

CCOwCl*JJ)«CCOWCl,JJ)  ♦ ACI3J*30MIDL 

0088 

13413  ♦ t 

0009 

0001 

CONTINUE 

c* 

c« 

TRANSFER  NOISE  ADDED  IN  ONE  PtR  TRANSFER 

A21 


0090 

IFClNOISE.EQ.l)  GOTO  8009 

0091 

IP(IJJ(5).k0.1)  GOTO  8005 

0092 

IEC13,UE.30)  GOTO  11 

0093 

I3»l 

0094 

3021 

CONTINUE 

009S 

REAO(l,ENOa3020,ERRa3020)  A 

009b 

11 

CONTINUE 

0097 

KES»xRtS 

0098 

IFCRE3,UT.0,)  RES»-RE8 

0099 

XKES»SaRT (RtS) *SDTRAN*A(13) 

0100 

13»I3  ♦ 1 

0101 

CCOW(2, JJ) «CC0WC2, JJ)  ♦ XRt8 

0102 

CCDWCl, JJ)aCCDw(l,JJ)  - XRES 

0103 

8005 

continue 

0104 

lECCCDWCl, JJ) .GT.U2]  CCOW ( 1 , JJ) aQ2 

010S 

IPCJ.LE.IEND)  goto  7001 

010b 

Jaj  - 1 

0107 

2 

CONTINUE 

0106 

7001 

CONTINUE 

0109 

IECI.LE.ISTAGE)  GOTO  7002 

0110 

IF CIKIUT.EO.I)  GOTO  7002 

0111 

I4al4  * 1 

0112 

B(14)aCC0WCl,UL) 

0113 

IJJC17)»IJJ(17)  ♦ 1 

0114 

1F(14.1T.30)  GOTO  7002 

0115 

WBITE(2’1PP)  8 

011b 

IPpaiPP  4r  1 

0117 

X4a0 

0118 

7002 

continue 

0119 

IFd.GT.ILL)  GOTO  21 

0120 

CCDw(l,l)aCCOwCl,l)  * ELECTRfI) 

0121 

IFCINUISE.EO.I)  GOTO  8002 

0122 

C# 

IF (1NPT.EU.0}  GOTO  8002 

C* 

ADD  IN  input  NOISE  SOURCES 

C* 

C* 

C* 

SHOT  INPUT  INTERFACE 

0123 

lFtI3,LE.30)  GOTO  20 

0124 

13al 

0125 

3031 

CONTINUE 

012b 

read  Cl ,ENOa3030,ERRa3030)  A 

0127 

20 

CONTINUE 

0128 

CCOw(l,l)aCCOW{l,l)  ♦ A(I3)aSDINRT 

(3129 

013P 

et3i 

01S2 

ei33 

0134 

0135 
013b 
013T 
0130 
0139 


I3«I3  ♦ 1 
§002  continue 

IE(CCOWCl»n.GT,U2}  CCUW(l,l}a02 
XFCIPKINT.NE.I)  GOTO  21 

WRITE  15,1001)  I, CCC0W(1,JJ),CC0W(2,JJ},JJ«1,LL) 
21  CONTINUE 

J*I 

IF(ieEGlN.GE.lLt)  IENO*IENO  ♦ 1 
IFCJ.GT.ISTAGE)  JalSTiGE 
IF(I.EO.ITIME)  GOTO  1 
DO  3 KiUISTAGE 


C« 

Ca 

C* 

TINIJ  ofcblfjjr  Al  Ci.jUA 

J aELLS 

Ca 

transfer  remaining  TO 

CLOCK  2 

WELLS 

W • 

LEAVE  Tf E iuE  In 

CLUCK  1 

■*ELL 

"BtSrAVAllABlE  COPY 


A22 


r 


c* 

c* 


01*0 

RtS*XPERC*CCOKClf J) 

ei«i 

CCDU(2,J)aCCDM(2,J)  * CCDN(1,J)  • 028 

0102 

1P(IJJ(S}.EO.0}  XRE8«CC0W(li J) 

01«s 

CCDM(l,J)aRE3 

0l«4 

IF(DARK,EO,0,)  GOTO  9020 

0149 

IF(13.UE.29}  GOTO  5021 

0144 

I5»l 

0i4r 

9041 

CONTINUE 

0140 

REAO(l(ENOa3040,eRRa3040)  A 

0149 

5021 

CONTINUE 

0150 

RAYaSQRT(AC13)**2  ♦ A(X34l)**2) 

0151 

RAYY«HAY*XN»T 

0152 

OAHKaCONSr* (GSltRAYY  ♦ GG) 

01SS 

CCUMC2f J}>CC0W(2,J)  * dark 

0154 

5020 

continue 

0155 

If  (INOXSE.EO.n  GOTO  0009 

0150 

If  (INIOl,EO.0)  GOTO  0009 

C* 

C* 

AOO  IN  NIOOIE  NOISE  SOURCES 

c« 

Cl 

C4 

SHOT  2*INTERFACt 

0197 

lf(I9.LE.30)  GOTO  90 

0150 

I9»l 

0199 

9051 

CONTINUE 

0100 

READ(l>ENDa9050,ERRa3090)  A 

0101 

90 

continue 

0102 

CC0M(2, J}aCCDM(2,J]  * ACI3)*SDMI0L 

0109 

13>I9  * 1 

0104 

0009 

c* 

CONTINUE 

c* 

c* 

ADO  IN  transfer  noise 

0109 

IFCINOISE.EO.U  GOTO  9000 

0100 

IF(IJJ(5).EQ.n  GOTO  0000 

0107 

1F(I3,IE.30)  GOTO  39 

0100 

I3*l 

0109 

9061 

continue 

0170 

READ(1«END«3060,ERR«3000)  A 

0171 

95 

CONTINUE 

0172 

RESiXRES 

0179 

IF  CRES.UT.O.)  RESoRES 

0174 

X»es«5DTRAN*3aRT (Res)*A(I31 

0179 

I3«I3  ♦ 1 

017b 

CC0WC2>J)*CC0>VC2,J)  - XRES 

0177 

CCOMCliJ}>CCOW(l,J)  * XRES 

0170 

9006 

CONTINUE 

0179 

If (CCDW(2, J] .GT.OE)  CCDW(2,J}*a2 

0160 

IF(J.LE.IEND)  goto  99 

0191 

J»J  -1 

0102 

9 

CONTINUE 

0109 

99 

CONTINUE 

0164 

IF  tIPHINT.Nt.n  GOTO  22 

01*5 

I.PITE  K’  ■'’)  CCCDwCl,  J)  ,CC0-.C2»  J)  , Jal,  ISTAGE) 

0100 

1000 

F0RMAT(6(2X,E15,9)} 

-1  JA 

L C 

Cs.  .1  i'.oi- 

0160 

IPlClFlLT.EU.n.ANO.Cl.GE.ISTAGt))  CALI.  F ILTEH  ( A , U,  19*  14, 1 1 IPP) 

*9 

1 

Cf'.Tr-'J!: 

BEST  AVAILABLE  COPY 


I 


ai9e 

II'(XJJ(12).E0.n  UOTO  2330 

8191 

tf (ISTiBT.NE.n  GOTO  2330 

0192 

CALI  SETTEK CXNST,GSI,GG, CONST# I TIME, I8T ART, ISTACEflTIM) 

019S 

GOTO  2329 

019« 

2330 

CONTINUE 

0195 

1F(I4,NE.0)  WRlTt(2»IPP)  D 

019* 

RETURN 

0197 

3000 

REWIND  1 

0198 

GOTO  3001 

0199 

3010 

REWIND  1 

0200 

GOTO  3011 

0201 

3020 

REWIND  1 

0202 

GOTO  3021 

0203 

3030 

REWIND  1 

0204 

GOTO  3031 

0203 

3040 

REWIND  1 

020* 

GOTO  3041 

0207 

3050 

REWIND  1 

0208 

GOTO  3051 

0209 

3060 

REWIND  1 

0210 

GOTO  3061 

0211 

END 

C* 

c* 

c* 

CCOIT.PTN 

c* 

c* 

SUBROUTINE  LOADS  UP  THE  WEI6THS  FOR  4 FILTER 

c* 

c* 

0001 

SUBROUTINE  COEFFS 

0002 

COMMON  /BINSTR/ZL (30) , ISTAGE 

0003 

COMMON  /COEFF/COEFF(600) 

0004 

WRITEIS, 1000) 

0009 

1000 

FORMAT(lMl/»  filter  WEIGHTS  */) 

0006 

00  1 I-l, ISTAGE 

0007 

RtAOC4,1001)  COtFF(l) 

0008 

1001 

FORMAT (E1S,8) 

0009 

WRITEC5,1003)  I,COEFFCX) 

0010 

1003 

F0RHAT(16,3X,E1S,8) 

0011 

1 

CONTINUE 

0012 

WRITE(5,1002)  ZL(ll) 

0013 

1002 

FORMATC'  X ERROR  PER  WEIGHT  'F10,3//J 

0014 

RETURN 

0019 

END 

A24 


1 


C« 

C* 

CCOlO.fTN 

c« 

c* 

c* 

subroutine  computes  the  filter  response  per  pulse 

c* 

C9 

c* 

0001 

SUBROUTINE  FILTER ( A, B, 1 1 , 14, J, IPP) 

0002 

real  Atl),BCl) 

000S 

COMMON  /BIN3TR/XU(30),ISTAGE,IJJ(6),INOISE,IJ(20) 

0004 

COMMON  /CCO/CCOw(2,b01} 

0009 

COMMON  /COEFF/COEFF(000) 

0U06 

SD»XLC17) 

000T 

err«i.  ♦ xmi) 

0000 

X3UMa0, 

0009 

00  5 Xal.ISTAGE 

0010 

XBUMaxSUM  * CC0w(2,n*C0EFF(I}*hRR 

0011 

IFCINOISE.EO.I)  GOTO  5 

0012 

IP(1J(7I  .EQ.l)  GOTO  5 

001S 

if(ii.le.30}  goto  1 

0014 

2 

CONTINUE 

0015 

It«l 

0010 

REAOd  ,ENOal000,ERRal0BB)  A 

00ir 

1 

continue 

001S 

XSUMiXSUM  ♦ ACll)*S0*CC0H(2,I) 

0019 

nan  * 1 

0020 

5 

CONTINUE 

0021 

IFCJ.LE.ISTAGE)  RETURN 

0022 

I4»I4  ♦ 1 

0023 

B C14) axSUM 

0024 

ij(in*ij(i7)  ♦ 1 

0025 

IFCI4,LT,30}  return 

0020 

14>0 

0027 

RRITECE'IPPJ  § 

002S 

IPP«IPP  ♦ 1 

0029 

RETURN 

0030 

1000 

CONTINUE 

0031 

rewind  1 

0032 

GOTO  2 

0033 

END 

BEST  AVAILABLE  COPY 


CCO20.PTN 


C« 

c* 
c* 
c« 
c* 

SUBROUTINE  SO 

COMMON  /BINSTR/XX(3a) >IJ(20] 

COMMON  /PASS/ST*OCaa) , IST*O(20) 

Ct 

c* 

C«  LOADS  appropriate  NOISE  SOURCES  IN  SOS 

C« 

c* 

IPlUUI.ta.U  RETURN 
S0INPT>XX(6} 

SOSMOT«XX(r) 

SDOUTP«XX(R) 

SDINTR»XX(19) 

t# 

Ct  CHECK  TO  SEE  IP  ALL  SOURCES  ARE  ADDED  IN 

C* 

ISTAO(1)*0 

ISTAOtajae 

ISTAOC3)*0 

IPClJCiaJ.EO.l)  SOTO  10 
Sl«S05M0T»30SM0T 
S2bS0INTR*30INTR 

C* 

C*  INPUT  SO 

C* 

3TA0(1)»S0RT(S0INPT*SDINPT  ♦SI  * S2) 
ISTADCn*! 

C* 

C*  middle  NOISE  SOURCES  MINUS  TRANSFER 

C* 

8TA0CSI*SQRT(31  ♦ 2, *32) 

ISTA0C2)«1 

C* 

C*  OUTPUT  NOISE  SOURCES 

Cl 

STA0C3J»SQRTCSI  ♦ 52  ♦ SDOUTP*SOOUTP) 
ISTAt)(3)«l 
RETURN 

10  CONTINUE 

C* 

C*  COMPUTE  INPUT  IF  NEEDED 

C* 

VARa0. 

iFCiJcin.Eu.n  SOTO  is 

var«sdinpt*sdinpt 

ISTAOtlJal 

is  IE  ClJUa)  ,tS.T)  SOTO  2a 

VARaVAR  ♦ SOSMOTaSOSMOT 
ISTAO(l)al 

2a  If  (IJUS^  .Es.l)  SOTO  2S 

VARaVAU  ♦ SDINTRaSDINTR 
lSTAO(l)al 

23  It  .-..o  (V-R) 

STAOClJaVAR 


BEST  AVAIUBIE  COPY 


A26 


COMPUTE  MIDOlb  90  IP  NEEOeO 


c* 

c* 

c* 

c« 


5a 


c* 

c* 

c* 


48 


49 


98 


t 

! 

i 


0881 

8802 

088J 

0804 

0009 

0008 

0007 

0809 

0009 

0010 
0811 
0812 
0019 
0014 
0019 
0016 
001  7 
0019 

0019 

0020 
0021 
0022 
0023 
0824 
0029 
0026 


V A A ^ 0 

IP(lJC12}.E0.n  SOTO  30 
V4RaS0SMaT*S0SMQT 
I3T*0(23 ■! 

XP(IJClb) .EQ.l)  SOTO  99 

VARiVAR  *■  2.*SDINTR*901NiTR 
ISTA0C2)«l 

If tISTA0t2) .ta.l)  VAR»9QRTtV*R) 
9TA0(2}*VAR 


COMPUTE  OUTPUT  90  If  NCEOEO 

VAR«0. 

If  (1J(12)  ,E0,n  SOTO  40 
VARaSOSHOTaSOSMOT 
I9TA0(3)al 

Zf (IJC14] .£Q.l)  SOTO  49 

VARaVAR  ♦ 300UTP*SOOUTP 
18TA0(3)al 

If (IJ(16).EQ.l)  SOTO  90 

VARaVAR  ♦ 3DINTR*90lNTR 
ISTADC3)al 

If (ISTADC33 ,EQ,1)  VARaSORT(VAR) 
STA0(3)aVAR 
RETURN 
tNO 


Ca 

Ca 

Ca 

Ca 

Ca 

Ca 


1 


100 


CCOiO.fTN 


SUaROurXNE  SETTCR()(NST,S91,C6,C0N,ITIMe,Z8TART>XSTASEiXTIM) 
REAL  A(30] 

COMMON  /HINSTR/XXC30},XJC30} 

COMMON  /CCO/CCOR(2»60n 
C0NSTaXXC24]aXX(21) 

X«a9i 

00  100  XalfITXMe 
IftI«,LE,29)  GOTO  1 
14al 

REAOCl)  A 

continue 

RVaSORT  (A  (14}  a*2  a AdaaDaaE) 

RVaRVaXNST 

UARK«CaNSTa(GSXaRVaCC) 

CC0R(2>Z)aCCDR(2|I}  a DARK 
14314  a 2 


CONTINUE 

XSTARTalSTAGt  ♦ 1 
XTlMEanXM  a ISTASE 
IF (XX  (4] .EQ. XX  (22) ) return 
C0N3XX(24}/CXX(22}a2,) 

XF(IJC12).Ea.n  RETURN 
XX(r}aXX(23) 

CALL  90 
RETURN 


J 


CCO0.»'  tn 


c 

c 

c 

c 

c 

c 

c 


c* 

c* 

c* 

c* 

c* 

c* 

c* 

c* 

c* 


c* 

c* 

c* 

c* 


500 


i 


501 


I 

3001 


i 

I 


SUBt^OUTINE  PRINTS  OUT  INITIAU  AND  FINAL  ARRAYS 


SuJNOUTINt  OUTP 
real  A(S0),BS(30) 

COMnOn  /INPuT/ElECTh C1200) 

COMMON  /VOLTS/X'^AXV,  XMAXEL.  ITIMC 

COMMON  /aiNSTR/xI(30) ,IJ(2) ,IlT, IFILT,ILLC33 ,INOI8E,IJL(20) 
COMMON  /PASS/STAO C2a) > ISTAD(20) 

COMMON  /CCO/A,Mt^, XMAXf  XMIN, AYE, VARf  XI, XXlN, VMAX0,XX0UT»S0 


MAX  OUTPUT  volt  IS  100  mIlLEVOLTS 

This  includes  tme  clock  voltaue 

so  MAKE  THE  MAXIMUM  NON  CLOCK  VOLTAGE 

«s  millivolts 


NuMmULClT) 

Jal 

I2»31 

XXIN«XMAXV/XMAXEL 

VMAX0P4S.E-3 

XXOUT»VMAXO/XMAXEL 

K«31 

SD«STA0(3] 


2 

3 

4 

2 

3 

4 

5 


FOLLOWING  code  IS  WRITEN  THIS  HAY  SINCE  THERE 
IS  NO  OVERSTRIKE  ON  THE  LINEPRINTER 

i 


IFCIFILT.NE,  n WR1TE(5,5005  j 

IFCIFILT.EQ.I)  WRlTE(5,50n  1 

FORmaTCIHI/'  (OUTPUT  MINUS  THE  CLOCK  VOLTAGE)  '// 

16X, 'VOLTS', 28X, 'electrons*/  i 

IIX, 'INPUT ',5 X, 'OUTPUT', 19X, 'INPUT ',6X, 'OUTPUT'/  i 

lX,60tlH-))  ' 

FORmATCihI/'  (OUTPUT  MINUS  THE  CLOCK  VOLTAGE)  *// 

16X, ' VOLTS', 28 X,  'ELECTRONS ',32 X, 'FILTER'/  ] 

IIX, 'INPUT ',5X, 'OUTPUT', 19X, 'INPUT ',6X, 'OUTPUT ',22X,' VOLTS',  I 

6X, 'ELECTRONS'/  i 

1X,104(1H-))  j 

IPP»0 

00  100  1«1,NUMB  ! 

X1«ELECTH(I) tXAIN  I 

IF(I2.Le.3Z)  GOTO  1 
I2P1 

IF(IPP.GT,0)  wRITEC2'IPP)  BB 
IPP«IPP  « I 

REA0(2'iPP)  as 


continue 

IF (INJISE ,E  i.  I ) GOTO  3 
IF(ISTA0(3) .EQ.0)  GOTO  3 
I'CK.Ltfia)  uOTO  £ 
CONTINUE 


BtSrAVAIUBlE  COPY 


A28 


REA0(i,EN0a3eee,ERRa3eee)  « 

CONTINUE 

ad(IE]aSa(Z2)  *■  ACK]*aO 

CONTINUE 

X2aB8(I2)aXX0UT 

XF(ILL(3}  .EQ.n  SOTO  7053 

IFtlFIUT  ,NE,n  wr1TEC5,1000)  I , X 1 , X2 , ELECTR ( I ) , 80 ( 12) 
FORf<  AT  (15,2  (IX,H0,<1)  ,10X»  ECU,  F 12,2)) 

IF(IFlUT.EO.l)  w«ITEC5,l0an  I , X I , X2 , ELECTR  ( I ) , 

0aC12) iX3 

FORMAT(l5,2(lX,Ft0.«) , 10X,2(1X,F12.2} , lbX,Fl0.a,3X,F12.2) 
continue 

EUtCTHCDaXl 
SB(I2)aX2 
I2al2  ♦ I 


AOO  IN  THE  FEED  FOR  CLOCK  1 
55  MILLEVOLTS 

SUBTRACT  THE  FEED  FOR  CLOCK  2 
55  MILLEVOLTS 


CLOCKaSS.EaS 


AOO  IN  the  DIRECT  feedthrough 

MAXIMUM  input  voltage  corresponds 

to  2 MILLEVOLTS  AT  OUTPUT 


continue 

CALL  PLOTl  (ELECTR,XMlN,XM*x,AVE,VAR,VARl,NUMB) 

WRIT£C5,8099)  NUMB , A VE , V AR , V AR 1 

FORMATC  input  ',16,'  AVE  MPElS.e,'  so  ',1PE15,8,U,1PE15,8/) 
AVEal, 

IF(ILL(3) ,EQ.0)  CALL  PLOT(ELeCTR,NUMB,XMlN,XMAX, AVE,AVE, AVE) 

XZ  (12) avMAXO 
XZ  (13) aCLOCK 
REWIND  1 
ENOFILE  I 
WR1TE12MPP)  BB 
WRITE16,8010)  IPP 
FORMATC'  DONE  with  0UTP»  ,16//) 

IMPal 
AVE*0, 

AVtla0, 

VARa0, 

VARUa. 

NUMBBaNUMB/2  *■  1 

I2a31 

DO  8079  Ial,NUMa 
IF(I2.LE,30)  GOTO  8078 

REA0(2'IPR)  B8  * r*  \ 

rniTTNUF  I r.rC'  ^ 

ELECTR(n»-  iCIP)  P'.  • ^ 

ipaia  ♦ I Ov— ' ' 


A29 


*Vt»AVE  ♦ ELECTRCIJ 
Xl»ELECTH(15**8 
VAR*VAR  * A} 

IF(I,ET,NUMB9)  SOTO  8BT» 

AVtJ»AVCl  ♦ EUtCTRCIJ 
VAH1«VAR1  ♦ %\ 

8079  CONTINUE 

XI-FLOaTCNUMB) 

VAR»X1*VAR  - AVfcAAVE 

IFCVAR.GT.0.)  VAR«SQRT(VAR/(*1*  (Xl»l ,) 5 3 

AVt»AVE/Xl 

Xl-FLOAT  (NUN8/8) 

VARl»Xl«VARl  - AVE1*AVE1 

IFCVARI.ST.B.)  VARli80RTCVARl/(Xl*(Xl-l,))) 
AVtl«AVEl/Xl 

WRITE  (5,807  5)  NUM8 , A VE , V AR , A VE 1 , V AR I 
80T5  PORf^ATC  OUTPUT  #',18,’  AVt  ',1PE15.8,'  SO  ‘ilPElS.S/ 

2 ' half  the  OUTPUT  AVE  ',lPElb.8,'  SO  ',1PE1S,8//) 

CALL  PtOTl CELtCTR,XMIN,XMAX, AVE,VAR,VARJ,NUM8) 

WRITE  (5, 8075)  NUH8 , A VE , V AR J 
AVE»l, 

IF(ILU (3) ,Ea.0)  CALL  PL0TCELECTH,NUMB,XHIN,XMAX,AVE,AVE,AVE) 
EnOFILE  2 

return 

3000  REWINO  i 

GOTO  3001 

END 


LlTTut  BOUKKtfcPlNC 


CC026,fTN 


SUBROUTINE  SETUP 
REAL  ARRCSB} 

COMMON  /BINSTR/XXC3li3),IJ(30) 

COMMON  /CCO/B(1200) 

COMMON  /INPuT/A(1200) 

IWa0 

IF^  (lJC30).Ea.0}  return 
ICC«1 

continue 

NUM8»IJ (25) 

K«0 

NUM0a»NUMB/2  ♦ I 
DO  110  IsNUMBBfNUHB 
K«K  ♦ 1 
A(K)«A(I) 

CONTINUE 

NUMBiK 

CALL  PLOTl (A,XMIN,XMAX,AVe,VAN,VARlfNUMB} 
write  (5, 8080)  NUMB, AVE, VAR, VARl 
FORMATdHl'  # MEAN  SO  » , 16 , A ( 1 X , IPE 1 5 , 8) /) 
IF(IW.EQ.l)  GOTO  77 
Jal 
IM3»2 

NUM>NUMH/IN0 
IF  (NUM,EO,0)  GOTO  5 
IND«IN0*2 
J»J  ♦ I 
GOTO  2 
CONTINUE 

IFCNUMB.EQ, CINO/2))  JMJ  . 1 
IFClw.EQ.O)  GOTO  6 
CONTINUE 

call  WGMT (A, IW,NUMB) 

CALL  PLOT! CA,XMIN,XMAX,AVE,VAR,VARl,NUMa) 
CONTINUE 

DU  18  I«1,NUMB 
A(I)iACI)  - AVE 

continue 
InO»2**J 
ippiiNO  - numb 
IF(IPP,EO.0)  GOTO  10 
k»numb  ♦ 1 
00  7 IaK»INO 
A(I)a0. 

DO  20  Ial,lND 
B(I}«0. 

CONTINUE 

CALL  FRXFM(J,*,B) 

InU»IN0/2 

PO  30  I«1  , IND  A 


jC. 


A31 


M 


DaSQRTtD) 

*(I) iO 

3a  CONTINUE 

CALL  ^LOTl  (A, XNlNfXHAXf AVE. VAR, VARl , INO) 
1»I 

CALL  tPLOTtA,XMAX,lND,I,n 
ICCalCC  * t 

IWll 

IE  Ct!PP.£i3,a)  ,ANO.  (1CC,LT,3))  GOTO  ali^ 
RETURN 

End 


I 
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IXTTUE  bookkeeping 

CCOZT.PTN 


c* 

c* 

c* 

c* 

c* 

Cl 

c* 

c* 

c* 

c* 

c* 

c* 


6B0 

c* 

c* 

c« 


bil 

620 


subroutine  PRXFM(N2P0W^XT,VT) 
decimation  in  frequency  fft  algorithm 


DIMENSION  XT(2),yT(2) 
Na2**N2P0W 
M»N2P0w 
DO  600  L0al»H 
LMX»2**(M-L0) 

LIX«2*LMX 

SOL*b.2S31SS307e/FLOAT(LlX) 
DO  600  LH*1>LMX 

ARGiFLOAT(LM-U*SCL 

C-COSCARC) 

SiSINCARG) 

DO  600  Ll«LIX|N,lXX 
Jl»LI-LlXtLH 
J2»Jl*LMX 
Tl'XTCJl)  -XT(J2) 

T2»YHJl)  - YTU2) 
XTUDiXTCJl)  ♦ XT(J2) 
VTCJ1)«YT{JI)  ♦ YT(J2) 
XT(J2)»C<*Tl  ♦ 5*T2 
YTlJ2)«Ci»T2  • S*Tl 
CONTINUE 

BIT  REVERSAL 


NV2aN/2 
NMla  N -1 
Jai 

DO  633  lal.NMl 

IFCl.GE.JI  GOTO  631 
Tl«XT(J) 

T2aYT(J) 

XT[J)axTCl) 

VTlJJaYTtl) 

XTdJan 

YTlIJaTB 

KaNV2 

CONTINUE 

IFIK.GE.J)  GOTO  635 


J.J  -R 
KaK/2 
GOTO  620 


JaJ  + K 

return 

END 


A33 


CC02e,FTN 


r - 


Cl 

c* 
c« 
c* 
c* 

SUURaUTlNt:  WGMTCA»IW,NUMB) 
REAL  A(2} 

COMMON  /RANO/»»I,Pn 

c* 

c* 

c* 

NbNUMB  « 1 

lFtNUMa,NE,2*CNUMB/2))  N»NUMB 
N»N/2  - 1 

CONS T»P II /float (NUMB) 
ALPHAaO.SA 

iFciw.ea.a)  alpha«0.5 
Cl»l,  • ALPHA 
DO  1 lal>NUMB 

T1«C0NST*FL0AT(I*N) 

Aci)«Acn*(ALPMA  ♦ ci*co3(Tn; 

1 continue 

RETURN 

END 


P 


II  I IP  ■I  .UIP 


c* 

c* 

c* 

c* 

c* 

c 

c 

c 

c* 

c* 

c« 

c» 

c* 

c* 

c* 

c« 

c* 

c* 

c* 

c* 


IS 

17 


z* 

2b 

3e 

c 

35 

40 

C 

SO 


be 

c 

70 


90 

98 

ei 


I 

t 


CC029.PTN 


subroutine  EPU0T(*T,*MAX,LNUMB,L3TRT»LINT) 

FOR  PLOTTING  results  ON  A SCALE  B TO  SB  OB 

ASSUMES  that  captioning  is  provided,  and  points  exist  (up  to  lend) 
NORMALIZES  POINTS  TO  XMAX  BEFORE  PL0TTIN6 


XT  VECTOR  OF  STORED  POINTS  TO  BE  PLOTTED 
XHAX  MAX  value  in  vector  XT 
LNUMa  number  of  points  TO  BE  PLOTTED 
LSTRT  INDEX  OF  FIRST  POINT  TO  BE  PLOTTED 
LINT  INTERVAL  BETWEEN  PLOTTED  POINTS  IN  ARRAY 

OUTPUT  OF  999  MEAN  THAT  POINT  WAS  LESS  THEN 
OR  EQUAL  TO  ZERO 


**AM27-  LATEST  RECENSION  DATEDI l2l,APR,77 
REAL  AKARCS} 

REAL  XT(2} 

COMMON  /CCO/ALlNEClon 

DATA  AKAR/', 

LEND*LSTRTA'CLNUM9-n  *LINT 

K0UnT"0 

NRITE(S, 15) 

F0RMATC//59X, 'DB  DOWN*/) 

WRITEC5, 17) 

F0RMAT(/1X, »PT  # value  IBB  * , 17X , 'SB' , 16X , *60  ' , ISX , *40* , 
1 18X, *20', IflX, *0  INDEX*) 

DO  20  1»LSTRT, lend, LINT 
TEST»XTCn/XMAX 
IFCTEST)  24,24,26 
0B«999, 

GO  TO  30 

Oba-20,AALOG10(TEST) 

IFC  MOOCKOUNT, 10) .NE,B  ) 60  TO  SB 
EVERY  TENTH  LINE 
DO  35  Jsl,10! 

ALInECJ)»AKAR(1) 

00  40  Jal, 101,5 
ALINE(J)aAKAR(3) 

GO  TO  70 
ALL  OTHER  LINES 
DO  55  Jal, 101 
ALlNE(J)aAKAR(4) 

DO  60  Jal, 101, 10 
ALlNE(J}aAXAR(2) 

LINE  READY  FOR  INSERTION  OP  POINT 
KOUNTaXOUNTA'l 
Lal0l-IPIX(OBA,5) 

IFCL.LT.I)  go  to  90 
aline  id  aAKAR (5) 

WRITE  (5,95)  I,  OH,  (AlT^FCJ)  ,Jai,i'"l)  ,KOUNT 
format C1X,I4,F 7.2, IX, lOlAl, 15) 

CCN  I I'-uk, 


WRlTb  lb, 17) 

RETURN 

END 


A35 
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c* 

c* 

C«  SUBROUTINE  PLOTS  OUT  AN  ARRAY  ON  LINEPRINTER 

C* 

C*  CC016.PTN 

C« 

c* 

c* 

subroutine  PLOT(ARRav,NELHNT, AMIN, AMAX,C0NT,0ELT,T1NTL) 

ARRAY  IS  THE  ARRAY  OP  DATA  TO  BE  PLOTTED  FROM  THE  THE  I8T 
element  to  THE  ELEMENT  NUMBER  GIVEN  BY  NELMNT, 
amin  is  The  minimum  value  THE  PLOT  COULD  REaCh, 

AMAY  IS  The  minimum  value  The  plOT  COulO  REACH, 

CONT  IS  A SWITCH  that  TELLS  THE  SUBROUTINE  IF  THE  INPUT 
ARRAY  IS  A CONTINUATION  OF  THE  L*ST  PLOT, 

CONT  greater  than  I, a IMPLIES  A CONTINUATION, 

OELT  IS  THE  Increment  to  be  used  along  the  abscissa, 

TINTL  IS  THE  INITIAL  VALUE  OF  THE  ABSCISSA, 

•wwNOTE*** 


1 

2 

3 

C 


TINTL  IS  CHANGED  BY  THE  SUBROUTINE,  IT  IS  RESET  TO  THE  VALUE 
THAT  IS  EXPECTED  AS  THE  INITIAL  VALUE  OF  THE  NEXT  CALL  IF  THE 
continuation  option  is  used, 

IF  THE  continuation  OPTION  IS  USED  AND  THE  INITIAL  TME  IS  CHANGED 
FROM  THE  EXPECTED  VALUE>  THE  OUTPUT  WILL  BE  FLAGED  WITH  A *, 

TME  TIMING  WILL  BE  RESEOUENCED  TO  AGREE  WITH  THE  NEW  VALUE, 


DIMENSION  ARRAYCSJ ,XS(53 ,STRIN6(I23) 

DATA  SPACE/'  '/,STAR/'0'/»GRIO/'w'/ 

AVE«0, 

VARaB, 

TlNTLaABSITINTL) 

DO  1 111. 123 
STRiNGCnaSPACE 
DO  2 1x12,112,25 
STRlNGCnaGRlD 
1PCC0NT-1,)5,3,* 

Xal .DUl* (AMAX-AMINT /120, 

KR  GIVES  X hounded  TO  KR  SIGNIFICANT  DIGITS  EQUALS  XIN, 
KRaS 

ZPa-6V.0T7S 

ZaAMAXl (ABSCX] ,EXP(ZP)) 

LOGl^PaALUGCZI /2,322SS5 
KlaINT(LOG10F  + 5(J,J 
PWRKal0,*»  C50WKR-MJ 
SIGK  aAJNT  (XwPWRK) 


PWRKMlil0,*a(aR«KR>Kl) 
SIGwMIiAInT  tXaPwRAMl) 

Vala.wSIGWMl 

YPaSiGK-Y 
NY«INT  (YP) 

NVa ( fNV) /?♦! ) *5 
YPaAlNTC(NYwY)/10.) 
HOUNjI-  « YH/R;«RWM1 
XTNiPOUNnr 
X I N»  X 

AVEa (AM*x*AMIN) /2, 


litoe 


c* 

c* 

c* 


4 

5 

latai 


b 


1002 

7 


8000 


REVAVt»AlNTlAVE/XIN)*XIN 
XMlN»i?f  v*VE-6»,*XIN 
XS(n»RtVAVfc-!j0,*XlN 
XSC2) ■REVAVE>2S,*XXN 
X9(3)aREVAVE 
XS(tt) BREVAVE«2S,*XlN 
XS(b) •REVAVE*50,*xrN 
WRiTEtS,  1000)  OEl.T,n NIL#  X8 

FORMAT  (/bX24HA8SClSSA  IS  IN  UMTS  OF  iPfcli.Tf 

1 • INITIAL  value  MPE13,7/ 

2 61X21M—--  — amplitude-— —//2X8M  ABSCISS  ASX 

3 lPEn.4,4(14XlPE11.4)/lX,132(lH^n 
8Y  PASS  CODE  AFTER  GOTO  6 


2* 

3' 

4' 

5* 


KNT«l 

IFCTINTL.GT.l.)  KNT»TINTL 
IF(KNT.GT,0}  GOTO  b 
TSAVEaTINTL 
KNT»1 

KNTCHKi CTINTL-TSAVE)/OELT*il 
IF (KNTCrtK-KNT)5,6,5 
W«lTEC5,l00n 
FORMAT(/2H  */) 

KNTbKNTCHK 
00  7 I«1,NELMNT 
AVEaAVE  ♦ ARRAYCIJ 


VARbVAR  ♦ ARRAY(IJ*ARRAY(I) 

K«C  (ARRAY  (n-XMIN)/XIN*2,5) 

IF(K,GT,122)«»123 

IPCK,LT.n«»l 

TEMPiSTRlNG  (K) 

STRING(K)»STAR 

WRITECS, 10023KMT, (STRING(J),J»2,123) 
FORMAT(n0i  IX123AI) 

KNTaKNT  ♦ 1 

STRINUCXJaTEMP 

TINTL»FL04T  (KNTJaOELT^TSAVE 

xinbnelmnt 

XMlNfCxlN  - l.)*XIN 
VARbX1N*VAR  - AVE*AVE 
IF (VAK.CT.a,  J VAk»SQRTCVAR/XMIN) 


AVEsAVE/XIN 

WRITE (5,8000)  NELMNT, AMIN, AMAX, AVCf VAR 


FORMATt*  * OF  elements  ',15/ 
MINIMUM  VALUE  ',1PE15,8/ 
MAXIMUM  ViLUE  ',IPE1S,8/ 

MEAN  OF  elements', IPEIS, a/ 

SO  OF  THE  elements', 1PE15, 8//) 

RETURN 

END 


A37 


c* 

c* 

c« 

c««l 

c* 

c* 

c« 

c* 

c« 

c* 

c* 

c* 

c* 

c* 

c* 

c* 

c* 

c* 

c* 

c* 

c* 

c* 

c* 

c* 

c* 

c« 

Ci 

c* 

c* 

c* 

c* 

c* 

c* 

c* 

c* 

c* 

c» 

c* 

c* 

c* 

c* 

c« 

c* 

c« 

c* 

c* 

c* 

c* 

c* 

c* 

c* 

c* 

c* 

c« 

c* 

c* 

c* 

c* 

c* 

c* 

c* 

c* 

c* 

c» 


KtY  TO  CCD  STUDY  *RHAY  BIN3TR 


COMMON  /BlN8TR/XXt3a),IJ(30) 


IJCn  « or  STAGES  IN  CCO 

1JC2)  debugging  aid  PRINTS  OUT  INTERNEDIATE  VALUES 
NO  0 YES  1 

IJC3)  LEnGM  op  input  PULSE 
IJC«)  COMPUTE  TAPPED  delay  LINE  RESPONSE 
NO  0 YES  I 

1J(5)  feedthrough  voltage  added  Np0  Y»1 
IJ(6}  SURFACE  OR  BURIED  DEVICE 
IJ(7)  plot  OUTPUT  and  InPuT  Y»0  Ntl 
IJ(8)  NOISE  INJECTED  OR  NOT  Y«0  N»1 
IJC10)  select  noise  SOURCES  N»0,  Y*! 

IJ(113  INPUT  NOISE  ADDED 
IJCIR)  SHOT  NOISE  added 
IJC13)  TRANSFER  NOISE  ADDED 
IJC14)  OUTPUT  NOISE  ADDED 
IJC153  filter  noise  ADDED 

1JC16)  interface  noise  added 

IJ(IT)  NON  LINEAR  input  CHARACTERISTIC 
YES«  0 NO  ■ 1 
IJCIS]  DARK  CURRENT  NOISE 
IJ(203  hold  signal  for  any  TIME  Ya0  N«l 
1JC27)  « OF  ELEMENTS  IN  FILE  ON  OAT  SLOT  8 
10(28}  A OF  SINUSOOIAL  SIGNALS  ADDED  AT  INPUT 
1J(2R}  type  of  signal  0 PULSE  1 SIN 
IJ(30}  FFT  OF  OUTPUT 


XXCn  TRANSFER  inefficiency 

XX(2)  MEAN  VALUE  OF  THE  INITIAL  STATE  OF  DEVICE 
XX(3)  SO  OF  INITIAL  STATE 
XX(4)  CLOCK  FREDUENCY 

XXC6}  SO  oE  Input  noise 
XXC7)  so  of  SHOT  NOISE 
XXCS}  so  of  transfer  noise 
XX(R}  so  OF  OUTPUT  noise 

XXC10}  INPUT  level  of  INPUT  PULSE  0 TO  8 VOlTS 
XX(ll}  X ERROR  OF  THE  TAP  WEIGHTS 
XX(12}  MAXIMUM  OUTPUT  voltage 
XXC13)  OUTPUT  voltage  of  CLOCK 
XXC14)  feedthrough  voltage  level 

XXCIS}  AREA  OF  WELL 
XX(16}  background  charge  0 to  35  X 
XX(17}  SO  OF  filter  noise 
XX(183  CLOCK  SWING  voltage 
XX(19)  so  OF  interface  NOISE 
XX(50}  MEAN  OF  interface  NOISE 
XX(2I}  TIME  signal  hELO  IN  OEVICC 
XXC22)  OUTPUT  sampling  RATE 
XXC23}  SHOT  NOISE  FOR  OUTPUT  FREQUENCY 
XX(2a}  constant  a for  dark  current  MULTIPLY 
XXC253  NUMBER  OF  ELECTRONS  ADDED  FOR  DARK  CURRENT 
XX(26)  AMBIENT  TEMPERATURE  READ  IN  DEGREES  C 
CONVERTED  TO  KELVIN 
XX(B7)  FREOufNC’'  OF  aTH  InPUT 
XXCES}  FREQUENCY  OF  3TH  INPUT 


XX(29}  FREQUENCY  OF  cilH  InPUT 


BEST  AVAILABLE  COPY 


A38 


oooorictoooooo 


APPENDIX  B.  COMPUTER  LISTING  OF  MATCHED  LINEAR  FM  FILTER 


CCOl.^TN 


CCD  STUDY  MODELING  AND  SIMULATION  OF  THE  MATCHED  FILTER 


10 

100 

101 

50 


Ct 

C* 

c* 

c* 

c* 

c* 

c* 


1001 


real  AC2},B(31 

COMMON  IW 

COMMON  /RANO/C0(10) 

COMMON  /BINSTR/G(50) 

COMHON  /CCO/Gl (1202) 

COMMON  /1NPUT/G2(1200) 

COMMON  /VOLTS/G5(100J 
COMMON  /PASS/GG(50) 

COMMON  /FILTER/HLT(600) 

CONTINUE 

WBITE{5,100) 

PORMATCIHI*  CCO  STUDY  TEST  RUN»//) 

CALL  TIMEtA) 

CALL  OATE(0} 

MRITE(3>10n  9,k 

FORMATCSX.'OATEI  * , SA A , 5X , 'TIME  I *»2A4^/) 
CALL  LINX(»C0') 

CALL  LINK(»C1*) 

IW«0 

CONTINUE 
call  LINKt'CZ') 

CALL  L1NK(*C3») 

CALL  LINKC'CA') 
iMalM  A 1 

XF(IW,LT,4)  SOTO  30 
CALL  LINK(*C5*) 
call  LINKC'CS*) 


the  following  CODE  IS  USED  TO  FORCE  THE 
main  module  to  carry  the  I/O  ROUTINES 
SEE  DESCRIPTION  IN  FORTRAN  OR  LINK 
MANUALS 


IOUM»0 

IF  (IDUM.EO.0}  SOTO  10 
BEAOd'INDEX)  A 
WRITE(I'INOEX)  A 
REAn(6,l001J  II»A 
WRITECbi 1001) 
FORMAT(I5,E15,8,F10,0) 
ENO 


BBT.AVAiUBlE.CCPy 


B1 


CC06,FTN 


C 
C 
C 
C 

C SudftOuTiNe  READS  IN  THE  INSTRUCTIONS  FOR  A RUN 

c 

c 

subroutine  INSTR 
REAL  A(3) 

common  /CCO/XPERC, XMEAN, XSO,FCLDCK,FBANO, XZCA) iXUEV, 

2 ZUtaa) »1STA&E,IPR1nT,XLENUT,IFIuT,NRV8,IJ(20) 

common  /aiNSTR/xxZ(30) , IJUC30) 

COMMON  /VOUTS/WWI,wk2, ITIHE 

common  /PASS/STAD(20)»ISTaD(20) , IVAR, XVARJ ,ROw(T) , IRW(«) 
COMMON  /RANO/Rltu) ,»R(b) 


DATA  A/<IHTEMR,«M02,O,«MAT00/ 


7000 

iJLC2n'0 

IRWC3}|0 

IJLC‘»)»‘»R^S 
write  Cbi 7000) 

FORMATC'  CREATE  NEW  FILE  ON  OAT 

SLOT  2 V«0  N«1 

V) 

7001 

REAQCb,91)  I 

IFCl.Ne.0)  GOTO  T005 
write (b,T00l) 

FORMATC'  NAME  OF  FILE  XXXXXX.O 

*/) 

7002 
7005 

7003 

READCbf7002)  ACI)|AC2) 

Format  C2A4) 

WRITEC5i7003)  a 

FORMATC'  NAME  OF  FILE  FOR  THIS 

HUN  *,3A4//) 

1 

100 

CALL  S£TFILC2» A, IER2, 'DK',0) 
define  KILE  21200, b4,U,IVAR) 

HRiTECb,  100) 

FORMATC'  the  number  OF  STAGES  IN  THE  CCD  CF10, 

0)  V/) 

101 

REAOCb,101)  X 

FORMAT  CFia,0) 

IUPPER»b00 

ILOWERA0 

ISTA6E»X 

lFlClSTAGfc.GT,H.OwER5,AND.(XSTAGE,UE.XUPPERn  GOTO  3 
WRITE C6, 201)  ISTAGE,ILOwER,IUPPER 

201  FORMATC'  error  message  # OK  STAGES  TO  SMALL  OR  TO  LARGE*/ 

2'  » OF  STAGESI  *,!«,'  LOWER  LIMITI  'il«,'  UPPERI  *,I4//J 
GOTO  I 

3 WRlTECb>lB3) 

103  FORMATC'  SO  or  THE  INITIAL  STATE  (P10,0)  »/ 

2'  IF  < 0 THEN  NO  BACKGROUND  VOLTAGE  AOOEO  */) 

REAOCb.lOl)  XSD 

C« 

C* 

write  C6( S123) 

5123  FORMATC'  NOISE  ♦ TARGET  0*/ 

2 ' NOiSE  I'/ 

3 ' TARGET  2'/) 

REAOCb.Rl)  IJ',C28) 

Ct 

XXZ(3) 'XSO 
IJLCDaMTAGP 

4 MRirECb>t04) 

104  KDkMATC'  surface  or  buried  device  C0  or  1,)'/) 

REAOCN.Rn  IJCl) 

lJL(fc)»lJ(l) 

rFC(IJCl).LT.05.OR.CTJCJ).GT,n)  GOTO  4 
w R I T t ( h , 1 0 « ) 


BBT  AVAIUBIE  COPY 


B2 


CJ-v-IATC'  AKtA  0^-  ht-LU  1^  VJ 

RtAOCbiiei)  ZL(5) 
w^ITt  (>»,  lk)7) 

P0R"IATC'  X BACKGROUND  CHARGE  •/ 
e * <t'  THgN  SRXClf’V  TRANsetR  LOST  '/) 

RCAOCHflBl)  ZLtb) 

I'CZLCS)  ,LT.0.)  'VRlTElb,78<»l) 

FJRHATC'  fraction  lost  each  TIME  .XXXXV) 
iF  (ZLt63  ,LT.0.)  REAOCS.ian  XPERC 
IPCZLCS3.GE.0O  CALL  CTI CZL* XPERC# XJ) 

HRITE  C»>,  109) 

PORMATf*  CLOCK  SWING  VOLTAGE  »/3 
RtADC6,10l)  ZL(8) 
xxzcn»xptRc 

XXZC15)»ZL(5) 

XXZCIS)*ZL(8) 

XXZC18)»ZL(8) 

WHITeC8»9050) 

FORmatC'  PLOT  OF  INPUT  AND  OUTPUT  Va0  N»l  '/) 

READCS,91)  IJL(T) 

WRI^EC(>,8l5l) 

FORM.tC'  hamming  weighting  to  output  Y»0  N«l'X) 

REA0(v,9n  IJL(4) 

WHlTECS,70in 

FOHMATf  FFT  OF  OUTPUT  Y*1  N»0  '/) 

REA0Ch,9i;  TJL(30) 

WRITE (S, 1000)  I3TAG£,XPERC,ZLC6) ,ZL(5) 

FORMATC'  • OF  STAGES  IN  ThE  CCO  '#15/ 

3'  CTI  OK  DEVICE  '#1PE15,8/ 

«'  X OF  THE  BACKGROUND  CHARGE  ',1PE15,8/ 

4'  AREA  OF  THE  WELL  (« I L • *2 ) ' # 1 PE  1 5 , 8// ) 

WRITE(6,206) 

FORHATC'  CLOCK  rREOUENCY  CF10)  */) 

CLCKMx.i .E10 
ReAO(6,101)  FCLOCK 

IF c CKCLOCK.GT.O, ) , AND, (FCLOCK.LE.CLCKMX) ) GOTO  80 
WHITE C8, 1008)  CLCKMX 

FORMATC'  CLOCK  RATE  OUTSIDE  OF  RANGE  OF  0,  TO  'F10.0/) 
GOTO  8 
CONTINUE 

HRIT£C5#701)  FCLOCK 

FORMATC'  CLOCK  RATE  '#1PE15,6/) 

WRITE  C8, 800) 

FORMATC'  THE  LENGTH  OF  TIME  OF  THE  RUN  4 1201  */) 
READCb,101)  ZZl 
ITIME«ZZ1 

IFCtITIME.LT.0),OR,CITIME.GT.1200))  GOTO  80 
WRITE  C8#90) 

FORMATC'  PRINT  OUT  INTERMEDIATE  VALUES  NO«0  YES«1»/) 
READC8,91)  IPRINT 
FORMAT  Cl  1) 

WRITF.C8#900S) 

FORMATC'  feedthrough  "OLTAGE  ADDED  TO  OUTPUT  N«0  Y*!'/) 
MAXIMuH  INPUT  VOLTAGE  IS  2,8  VOLTS 


XXZC4)iFCL0CK 
IJL  (2) AIPRINT 
XMAXV«2,8 
WWlaXMAX V 

REA0(8,Vn  NHVS 
write  C8.93) 

FOWMaTC'  T/IJHAIION  of  The  signal  MlNa0  MAX«1200'/) 
REAU(8,10l)  ZZl 


n lNOTs?/! 


BtSl.AVAiiJVijiC. 


(«),  7r'a<i) 

forhatc  bano-^idth  op  the  linear  ph  (hertz)  */) 
REA0(6,ten  xxzcse) 

XXZ(8)»XXZ(30)/XXZ(«) 

HRirE((ii8Q2S) 

FORMATC'  SIGNAL  TO  NOISE  RATIO  AT  IPCDB)  »/) 

READCbflBl)  XXZC2R) 
write  C6»  7026) 

roHMAT(»  phase  angle  of  target  decree*  */) 

REAO(b,101}  XXZ(28) 

WRITE (5, 7 030)  XXZ(30) ,XXZ(29) ,XXZ(28) 

FORMAT('  bandwidth  OF  SIGNAL  MPE15,8/ 

' SIGNAL  TO  NOISE  OF  SIGNALCDB)  MPEIS.B/ 

• PHASE  angle  of  the  signal  'IPE15.8X/) 

WRITEC8,8053) 

FORHATC'  DC  BIAS  (X  OF  WELL)  TERM  ADDED  TO  INPUT  F10  V) 
READ(b,l01)  XXZ(5) 

XXZCB)«WWl*XXZ(5)/100, 

CONTINUE 
IJL(S)aILENCT 
IJL(5)«NRVS 
WRITE (bf 8010) 

FORHATC'  NON  LINEAR  INPUT  WARPING  Y»0  N»l»/) 

RCADCb.Rl)  IJ(12) 

WRITEC6,97) 

FORHATC'  mean  error  IN  TAP  WEIGHTS  '/) 

REAO(6,101)  XXZC20) 
write  Cb»  7128) 

FORHATC'  SO  OF  THE  TAP  ERROR  (.0081  ,07)V) 

REAOCbflDl)  XXZC17) 

IJLCe0)»l 

WRIT£C6>9034) 

READ(b,101)  ZZl 
XXZC2(>)»ZZ1  ♦ 273, 

WR1TEC5»9033)  ZZl,XXZC2b) 

WRITECb»9033) 

FORHATC'  DARK  CURRENT  ADDED  Y»0  Nwl  '/) 

ReA0(b,91)  IJC13) 

IF(IJC13) ,E0.l)  goto  903b 

FORHATC'  AMBIENT  TEMPERATURE  DEGREES  C '/) 

FORHATC'  ambient  TEMPERATURE  (C)  ',Fl0.a,'  (K)  ',F10,4/) 

continue 

IJLC17).IJ(12J 

IJLC16)«IJ(13) 

WRITEfb*b011) 

FORHATC'  multiple  Run  Y»#  of  chances  N»0  F10'/) 

ReA0(b,9l)  IJLC19) 

IF CIJLC19) ,EO,0)  GOTO  8000 
WRIT£(b,b012) 

PORHATt'  WHICH  INPUT  IS  TO  BE  CHANGED  •/ 

' !■  # OF  STAGES,  2»S0  OF  THE  TAP  WEIGHTS  '/ 

' 3»  AREA  OF  WELL,  asBACKGROUND  CHARGE  '/ 

' 5»CL0CK  FREQUENCY, bwAMBiENT  TEMPERATURE  '//) 

READCb,91)  IJL(22) 

K^IJLCIR) 

DO  b019  Iil,K 
WRITE (b,b013)  I 

FORHATC'  INPUT  THE  ',Ib,*  VALUE  '/) 

REAOCb,101)  RR(I) 
continue 

WRITE(5,b0t5)  CI,R»CI),I»1,K) 

FORHATC'  MULTIPLE  RUNS  ' / / 7 C 1 X , 12 , 2X , 1 PE  1 5 , 8) ) 
wRIT£Cb,8717) 

FORHATC'  SECOND  VARIABLE  CHANGING  Yi#  N»0  '/) 

REA0(F,9n  IRWCn 

n^To  appear* 


BEST'AVAIIABIE  COPY 


c* 

c* 

c* 

c* 

c« 

C*  Cl 


•iRirtCbfbidli;) 

RtAUCbfVt}  1RW(£] 

K«IRW  Cl} 

00  8718  I«l,K 
w>JITt  I 

atAnCb,101}  ROWCn 
contimuc 

wRireC5»60l5}  (I,80*(CI}.I»l»K) 

RRlTt  (bfSSei) 

FORMATC'  run  INITH  NOISE  Y»0  N»1  V) 

REAOCb,**!}  IJ(3) 

IJLC8}«IJ(J) 

IF((IJt3}.UT.03,OR.(IJCS).GT,n)  GOTO  8000 
IFCIJCSJ.EQ.I}  RETURN 
KB10 

00  9303  l»S,ll 
I J (13 ■0 
IJL(K}*0 
KaK  « 1 

continue 

WRITEC6«0003} 

FORMATC'  select  the  particular  noise  inputs  Na0,Tal'/) 

REAOCb.Rl)  IJ15} 

lJLCl0j«UC5} 

IF CIJ C5} .£0.0}  RETURN 
WRITE  (8,8004) 

FQRmaTC'  add  in  input  NOISE  Yt0  Nal  '/} 

REA0(8,9l}  IJ(8) 

WRITE (8,8005) 

FORMATC*  ado  IN  THE  SHOT  NOISE  Ya0  Nal*/) 

REA0(8,91)  IJ(7) 

WRITE (8,8008) 

FORMATC'  ADO  IN  THE  TRANSFER  NOISE  Ya0  Nal'/) 
RCA0(8,91)  IJ(8) 

WRITE(8,8007) 

FORMAT!'  ADO  IN  THE  OUTPUT  NOISE  Ya0  Nal'/) 

RtA0(e,91)  IJC9) 

WRIT£C8,8008) 

FORMAT!'  ADD  IN  THE  FILTER  NOISE  Ya0  Nal'/) 

READ(8,9l)  IJ110) 

WRITE(8,8009) 

FUR'-ATC'  ADD  IN  interface  noise  '/) 
read  (b, 91 ) IJ  (I  1) 

K«ll 

00  57  Ia8,ll 
lJLCK}alJ(I) 

Kan  * I 
CONTINUE 

RETURN 

END 


Cl  LINK  STRUCTURE 


,CI«CCD.8T8,CI,CC05,FTNLIB/L/U/E 


COMMON  /RaNO/PI,PII 
COMMON  /VOLTS/OI , 02, ITIH, IPP 
Plaa.aATANCl ,) 

PIIaE.aPI 

CALL  PRTVAL 

IPPal 

CALU  RETURN  35 

ENO 


pw  AVAiUBli: 


wJl 


CCOS.FTM 


C* 

Cl 

c« 
c« 

c»  SUBROUTINE  Prints  out  rears  *nd  so  or  the 
c*  various  noise  ranooh  variables 

c« 

c* 

SUBROUTINE  PRTVAL 
REAL  JO.NSS 
COMMON  lUIT 

COMMON  /-^INSTR/XxCSB)  , IJL(30) 

COMMON  /RANO/PI,PIl,in,Il2 
COMMON  /PASS/STAO C20) 

c* 

c* 

Cm  noise  added  OR  NOT 

C* 

INOISE»lJLCa) 

IDaRR»I Jl  C18) 

C« 

c« 

C«  CONSTANTS  NEED  IN  CALCULATIONS 

C* 

C* 

C* 

XK8»8,S17E«5 
AREAixx  CtS)*8,a5l6E»6 
OA] ,ba^E-l9 
N3S»I  ,E10 
Cal.E-iS 
00*1 ,ba98C«aa 
TOAl00.b»b 
XD»l,E-tt 
SIGMA«l,e-15 
VTM«9.E5 

XNST85,E9 

XNNNiS.El » 

XLNe0, 05809 
TEMP*xx  cab] 

FCL0CK»XXC4) 

Cm 
C* 

C*  input  NOISE 

Cm 

Cm  MEANM0 

Cm 

Cm  VAR»  XK9MTEMPMC/QM*a 

C> 

Cm 
Cm 

XmXKBmTEMP 

XX  Cb) ■SORT(2,*XmC/(3,*0)3 
Cl 

C* 

Cm  OUTPUT  NOISE 

Cm 

Cm  same  as  above 

Cm 
Cm 

XX ( V) MXX  (bj 
Cl 

r # 

BEST.AVAIWBLE  COPY 


B6 


FAST  INTtRr*ce 


MCANaO 

SO«sriRT  C0,T«K*TEMP«NSS*AREA) 


XX  (19) aSORTCe.raXaNSSaAREA) 


DARK  CURRENT 


IF(XX  (26)  ,I.T,250,)  goto  50 
XM»1 ,21/'(8,617E-5*TEMP) 

XNIeEXP(<.XNI) 

XNI«xni*1.5E33 

XNI»XNI»TEMP**3 

XNIsSQRT(XNI) 

GOTO  51 
continue 

yM«5322d827,58 

continue 

G9I»xM*XNI*XLN/'  (XNNN*TO) 
GS1»0.5*XNI*SIGMA#VTM 
GOI»XNI«XD/ (2,*70) 

XX  (25) 110000, 

STAOC20) aCBI 
STAD(19)«GSI 
STAG  (18) iGDI 
STAG  ( W)  »AREA/FCL0CK 
XX  (24) lAREA 
STAD  (16) aXNST 
STAO(l5)»QQ/l,0363E-5 
If  (IOAR^,fcQ,l)  XX(25)«0, 

If  (IDARK,EO,0)  WRITE  (5,8010)  GB I , GS I , GO  I , TOT AL I 

fdrmat('  individual  sources  of  dark  current  •/ 

6(3X, 1PE1S,8)) 

SHOT  NOISE 


MEAN«0, 

SOa  SURTCJD»ARtA/a*FCUOCK) 


JD»Gi)I  ♦ GSI*XNST  ♦ GDI 
JOaJD*STAD(lS) 

XX  (7) kSQRT  (JD*AREA  / (0»FCL0CK) ) 

Print  out  the  means  ano  su 


IFdNOISE.EQ.l)  RETURN 
IF(IBIT.GT.0)  RETURN 
WRITE(5,9088)  XX(25) 

FUHMAT('  dark  current  electrons  AOOEO  per 

'TRANSFER  ',1PE15,87/) 


WRITE(5,2)  Z,XX(6) 
wRTrEC5.3)  Z,XX(7) 


T 


4 

8 

6 

\Z 


C« 

c* 

c<* 

c« 

c« 

c*c 

c« 

c* 

Ct 

c« 

c* 


3' 

4' 

5' 

b' 

T' 

8' 

a 

2 

2 

2 

2 

2 


► wn>-.CS,b)  KK  lat')  , xx  (1  7) 

W^ITtC5,10)  2,XX(19) 

WRITt:CS,7)  tIJL  Cl)  , 1*10,  lb) 

Fns“'.&T(*  status  op  THt-.  NOISE  SOURCES*// 


SLLtCT  the  noise  INPUTS  T.l  NcO  ',12/ 
AOD  IN  INPUT  NOISE  Y«0  N»l  ',12/ 

400  IN  SHOT  NOISE  Y«0  N»1  ',!?/ 

400  IN  TRANSFER  NOISE  Y»0  NiJ  ',12/ 
ADO  IN  OUTPUT  NOISE  Y»0  N»l  *,12/ 

ADO  IN  FIUTER  NOISE  Y»0  Nil  ',12/ 

ADD  IN  INTERFACE  NOISE  Ys0  N.J  ',12//) 
FORHATC'  mean  of  THE  INPUT  NOISE  ', 
' SO  ',IPE1S,8/) 

FORHATC'  mean  of  the  SHOT  NOISE 
' SO  ',1PE15,8/) 

FORMATC'  mean  of  THE  TRANSFER  NOISE  ', 
' SO  *,IPE15.8/) 

FORHATC'  MEAN  OF  THE  OUTPUT  NOISE  ', 
' SO  ',IPE15,6/) 

FORMAT!'  mean  of  THE  FIuTER  ERROR  ' 
' SO  ',IPE15.8/) 

FORMATC*  MEAN  OF  THE  INTERFACE  NOISE 
* SO  ',IPE15,8/) 

RETURN 

ENO 


IPE15,8, 

1PE15.8, 

IPElS.a, 

1PE15.8, 

,IPE15.6, 

',IPE15.8, 


C2,FTN 

C2  LINK  STRUCTURE 


C2,  C2< FILT. S T9,  C2,M0D4,CCD2,FTNLIB/L/U/E 


common  IR 
CALL  SIGNAL 
CALL  INPUT 
CALL  RETURN 
ENO 


BESLAVAIIABIECOPY 


B8 


MOOa.FTN 


c* 
c* 

C« 
ct 
c* 
c* 

C*  COMBlNeS  signal  plus  The  noise 

c* 

c* 

c* 

SUBHOUTINE  SIGNAL 
COMHON  In 

common  /FILTER/A  (50) 

COMMON  /INPUT/ARHAY  (1200) 

COMMON  /VOLTS/WWI ,Ww2, ITImE» IPP 
common  /3INSTR/XX  (30) , IJ (50) 
common  /HANQ/PI,PXI 
HRITE (6,0000) 

0000  FORMAT('  SIGNAL'//) 

NSIGNL»IJ(20) 

ASI«SORT(2,*10,**(XX(29)/10,)) 

C 

C*  PLACE  THE  TARGET  IN  THE  MIDDLE  OP  THE  SAMPLES 
C«  FROM  - THE  length  OF  THE  SIGNAL  PULSE 

C*  TO  ♦ THE  length  OF  THE  SIGNAL  PULSE 

C* 

C 

ISTART«1TIME/2  - IJ(3)/2  ♦ 1 
JENOiISTART  ♦ IJ(3)  - I 
C 

C*  BANDWIDTH  OF  THE  LINEAR  FM  BH»XX(30) 

C 

BW>XX(30) 

C 

C Phase  is  an  input  parameter 

c 

PHASE»XX (20) 

RAOSaPHA3E*PI/tS0, 

c 

c sampling  frequency 
c 

FS»XX  («) 

TS»1./MS 

TIMtPL»FLOAT(IJ(3))*TS 

SL0PE«9h*PII/TIMEPL 

SLDPF«SL0PE/2, 

XX  (27) •SLOPE 
T IMe ■-FLOAT ( IT IME/2) *TS 
JJ»1 
J«0 


( JJ)  ■KSING  ♦ *(J) 
CnSIGNL.EO. n *RR*V t JJ) *4 CJ) 

IP (NSIGNU.EQ.2}  ARR*Y(JJ)b  XSING 
JJ.JJ  ♦ 1 

nntsrne  ♦ ts 
GOTO  5 

2Z  CONTIMUE 

RETURN 

4e00  REWIND  I 
GOTO  1 
ENO 


BIO 


CC02,^Tn 


SUBROUTINE  GENERATES  THE  INPUT  SIGNAL  TO  TNE  CCO 


ASSUMES  THAT  maximum  VOLTAGE  IS  2 VOLTS  CXMAXV) 
WHICH  CORRESPONDS  TO  IBOOBB  ELECTRONS  (XMAXEL) 

ITIME  IS  THE  CCO  RUN  TINE 

SUBROUTINE  Input 

REAL  A(30) 

COMMON  laiT 

common  /InPUT/ELECTR(1200) 

COMMON  /fllNSTR/XZ C30) » IJ(30J 
COMMON  /V0LTS/XM4XV,XMAXEL»ITIME 
COMMON  /CCO/HOLD(I200) 

COMMON  /RANO/PliPII 
COMMON  /PASS/3TAOC20) 


trial  run  impulse  at  time  ZERO 


02/1S/77  change  in  pull  well  electron  count 

CLOCK  SWING 

CSWXZCIS) 

AREAwXZClS) 

C0UL»2,b2Se-l3 
ELECR«6.2S1E«’1S 
XMAXELaAREA*CUUL*ELECR*CS 
IF CIJC63 .EO.l)  XMAXEL«XMAXEL/2, 
XZ(2)»XZC16)*XmaxEL/100, 

IFCXZ(2),LT,0,)  XZ(2)w0, 

IPCIBIT.GT.0)  goto  8181 

WRITE  CS,  10003  XMAXV,XMAXELfCS,IJ(6) 

FORmaTC'  maximum  INPUT  voltage  ',1PE15,8, 

25X, 'CORRESPONDS  TO  MAXIMUM  NO,  OF  ELECTRONS  ',1PE15,8/ 
31X, 'CLOCK  SWING  VOLTAGE  ',1PE15,8/ 

«'  SURFACECFAT  ZER03  0 OR  BURIEOCSLIM  ZER03  1 
WRITt(5, 20003  IJC33»XZCB3 
FORMATC'  LENGTH  OF  THE  SIGNAL  *,18/ 

3'  BIAS  VOLTAGE  ADDED  TO  INPUT  ',F10,«/) 

continue 

const«xmaxel/xmaxv 

AVEaXZ(23 

50axz(33 

eiASaxzcsi 

BIASaBIASaCONST  H 

AvA 

00  4 lal, ITIME 

ELECTRfI3aeL£CTRCl3*CONST  ♦ BIAS 
KaK  ♦ 1 

IF  (BIAS.LE.0. 3 GOTO  4 
IFCELECTRCII .GT.XMAXEL3  ELEC TR C 1 3 aX M A XEL 

Bll 


jv  \ 


irCELECTRCn.tT.Z.)  EL£CTR(n»0. 
a CONTINUE 

STA0(5}aSlAS 

RETURN 

END 

e* 

c* 

c* 

C*  C3.ETN 

C* 

C* 

C* 

C*  C3,C3<EIlT,STB,C3,CC03,ETNLI8/L/U/E 


common  IW 
CALL  INITL 
CALL  RETURN 
END 


CC03.FTN 


C 
C 

c 
c 
c 
c 

C subroutine  initializes  CCD  FOR  INPUT  DATA 

c 
c 
c 

subroutine  initl 

real  AA(3e) 

COMMON  I0IT 

common  /CCO/CCOW(a,60l) 
common  /9IN5TR/XJ C3Z) , I J (30) 

COMMON  /V0LT3/XM4XV, XMAXE 
COMMON  /PASS/STAD (20) 

CaNST*XMAxE/XMAXV 

ISTAGE«IJ(n 

IPRINT«IJ(2) 

IN0ISE«IJ(8) 

UIAS«STA0(5) 

SD»XJ(3) 

IPC(SO,LT.0.),ANO,(XJ(5),LE,0.))  goto  100 
IF CIMIT.EO.0)  W«ITE(5,505)  AVE,SD,BIAS 
505  FORMATC  mean  value  DP  TmE  INITIAL  STATES  SIPEIS.B/ 

2 ' SO  OF  THE  INITIAL  STATES  'flPElS.B/ 

3 ' number  of  electrons  AOOEO  ',IPE15,8/) 

I«l 

K«1 

IFCSO.LE,0,)  GOTO  2 

1 REAOd  .ENOaa00O,ERR*S000)  AA 

K«l 

2 CONTINUE 
CC0W(2, I) aBIAS 

1F(SD.lE,0.)  GOTO  5 

CC0HC2,n«CCDW(2,I)  + AA(iO*SO 

K»X  * I 

5 CONTINUE 

RESsCCDWC2,I)*XJ(l) 

ccowci, Hires 

CC0WC2,I)iRES 
I»I  * I 

IK  (I.GT.ISTaGE)  goto  3 
IF(k.GT,30)  goto  I 

GOTO  2 

3 continue 

IK  (IPRINT.NE,  1)  RETURN 
WRITE C5, 1000)  CI»I»1»ISTAgE) 

1000  format  (15X, 'STAGES  '/(I3n0)) 

HRITEC5, 100‘. ) CCCOWd,  1)  »CC0W(2,  I)  # I«l»  ISTAGE) 

1001  FORMATf 12(lX,P10,2)) 

return 

100  00  110  IililSTAGE 

CCOw(l,I)i0, 

CCOw(2»I)i0. 

110  continue 

200  WRITEC5.201) 

201  FORMAT!'  NO  BACKGROUND  VOLTAGE  AOCBO  ^/} 

1 1 Turn 

7000  continue 


- RtS 

00  7001  I«1,1STASC 
CCD^'CliDaRtS 
crow  fS, I) .BtS 

7031  CONTlNUt 

w«ITtC5,7010)  RES, BIAS 

7010  FORMATC*  bias  terms  added  to  wells  », 2 t2X, 1PE15,8) /) 

RETURN 

8000  REWIND  1 

GOTO  1 
ENO 


C* 

c* 

C*  C4  LINK  STRUCTURE 

C* 

C* 

c*  Ctt|C4<CCO,ST8,C4,CCO7,CCOlT,CCOl8,CCO20f CCD30,FTNL1B/L/U/E 

c* 

COMMON  IW 

common  /VOUTS/Ql  ,Q2,  ITIME,  IPf» 
if(ipp.eo.i)  call  so 

CALL  XNUN 
CALL  RETURN 
ENO 


B14 


CCD7.MN 


C* 

c* 

c* 

c 

c 

c 

c 

c 

c 


c* 

c« 

Co 

c* 

c* 

c« 

c* 


I 3030 


aaes 


3329 


SUBROUTINE  OOES  THE  BOOKKEEPING  fOR  THE  CCD2  ARRAY 
VERSUS  TIME 


subroutine  XRUN 
real  AC3ia}»B(33} 
common  laiT 

COMMON  /VOLTS/QI , 02, ITIM 
common  /CCO/CCOh C2,60n 
COMMON  /INPUT/ELECTR(1200) 

common  /3IN5TB/XPE»C,XMtAN,XSO,PCLOCK,PBANO,XZt25) , I ST AGE 
2 iIPRINT, ILEnGT, IFXLT, lUJ  t3) , INOISE, IJJ (20) 

COMMON  /PASS/STAO(20) ,13TaOC20) ,IVAR 
LLrISTAGE  ♦ 1 

SHOT  NOISE 

Input  noise 

transfer  noise  changed  03/23/77 

INTERFACE  NOISE  ADDED  03/24/77 


ISTART*! 

I3>0 
14*0 

IJJ(17)»0 
OARk«xZC20) 

IFCOARK,EO,0.)  GOTO  5000 
I5»3I 

G»I»STAD(20) 

GSI»STADCl9) 

GOI«STAO(tS) 

GS«63I  * GDI 
CONST»STAO(17) 

XNST«STA0(16) 

CUR«STA0(15) 

G1 «CUR*CBI 
G2aCUR*GSl 
C3*CUR*0DI 
CONTINUE 

IFCINOISE.EO.l)  GOTO  8000 
SOINPTiSTAOCl) 
sOMiou*srAor2) 

SOTRANbSORT (2,*XPEHC) 
INPT«ISTa0C1) 

IMX0L«ISTA0(2) 

I3«3l 

CONTINUE 
CALL  C0EFF8 
ILLUTIM 
ITIHE»XTIM 
lENO'l 
IPEGIN10 
CONTINUE 

DO  1 IiISTART, ITIME 
IFCT.H.l)  GOTO  70'?2 
IhEGINiI  - 1 
IENO*I  - ill 
IF  (IntGIN.GT.ISTAGE)  I BEi,  I N«  I S 1 AGE 


Li 


(f 


B15 


yi 


w 


1001 

Zb 


c* 

Co 

Co 

Co 

Co 

Co 


3001 

5001 


5002 

5003 
81S1 

5010 


Co 

CO 

Co 

Co 


3011 

10 


9001 

Co 

Co 

Co 


3021 

11 


IF(IEN0.GT.IST*GE)  ItNOoiSTiCE 
UCle.NO.LE,0)  ll-NUol 

::cd«i(i,ll)o0. 

JoIBEUIN 

IF  ( IPSI'jT  ,Nf  . 1 ) &0TC  25 

wRiTe(5,ie.in  i.ccl:*ci,jj),ccdw(2,jj),jjoi,i.u) 

F0»m*tC14,  CfeCl)<.El5,8)5) 

CONTINUE 
00  2 KslrXSTASE 
JJoJ  ♦ I 

FINO  residue  at  clock  pulse  2 IN  EACH  WELL 
transfer  remaining  Charge  TO  WELL  AT  CLOCK  I 
LEAVE  RESIDUE  IN  OLD  xlLL  AT  CLOCK  2 


RESoXPERCoCC0oC2» J) 

CC0WC1.JJ)»CC0W(1,JJ)  ♦ CCDWt2,J)  - RES 
IFCDARK.EQ.O.)  goto  5310 
IFCI3.LE,29)  GOTO  5001 
I3ol 

CONTINUE 

REAOCl»ENOoj000,ERRs3000}  A 

continue 

RAYoSORTCACIiJooa  ♦ A(13  ♦ 1)**2) 

RAYYaXNSToRAY 
RA YORAYYOG2 

DaRKKoCONSTo CGSIoRAYY  ♦ GG} 

CC0WC1,JJ)«CCDWC1,  JJ)  ♦ DARKK 
GSUMoRay  0 G1  0 G3 
IFCI5IT.GT.05  GOTO  BlSl 

IFCI.LT.S)  wRITEt5, 50025  I , G 1 , R A Y , G3 , GSUM 
FORMATC'  current  densities  '.Ife,6ClX,E15.8)) 
IFtI.LT.b5  WRITE  (5,50035  I.OARKK 

FOPMATf'  electrons  AOOEO  per  CLOCK  » , 1 6, 1 K , E 1 5, 8) 

continue 
13.13  * 2 
CONTINUE 

IF  (UJ  (55  .EQ.05  XRES.CCDWC2,  JJ 
CCOwC2,J5»RE8 
IFCIN0ISE.E0.15  GOTO  8001 
lF(IMIOLiEa.05  GOTO  8001 


ADO  IN  noise  SOURCES  OF  MIOOLE  REGION 
SHOT  INTERACE.2 


IF(I3,LE,30.)  goto  10 
13.1 

CONTINUE 

REAOCl ,ENO»3010, ERR. 30105  A 

continue 

CCO-Cl, JJ5.CC0wCl,JJ)  ♦ ACI55»SDM10L 
13.13  ♦ 1 
CONTINUE 

transfer  noise  added  in  One  per  transfer 


IF  (INOISE.EO.n  goto  8005 
IF  (I JJ (5) ,EQ.  1 5 GOTO  8005 
IFCl3.Lt. 305  GOTO  M 
13.1 

CONTINUE 

RE»DCl.EST:»’2*,tRRs3''27) 


CONTINUE 

PFS.XRES 

IF  (KtS.LT.0.5  RF3«.wh.s 


A 


[516 


'I 


9 


s 


auas 


2 

7301 

7002 


C« 

c* 

c* 

c* 

c* 


3031 

20 

9002 


21 


C* 

c« 

c« 

c* 

Cl 

c* 

c* 


30«1 

9021 


9020 


C* 

C« 

C* 

Cl 


XRESaSORTCRES)  *S0T>I*N**(I3) 

I3»I3  ♦ I 

CCOWC2|JJ)*CCOw(2,JJ3  * XRE9 
CCDmC1»JJ3*CC0M(1«JJ}  - XRES 

LOnT InuE 

II-  (CCOWCl,  JJ)  ,GT.Q2}  CCU^Clf  JJ)a02 
II'  (CC0W(2,  JJ)  .GT.02)  CC0M(2,  JJ)*Q2 

11^  CJ.LE.  ZEND)  GOTO  7001 
J»J  • 1 
continue 
continue 
continue 

I^tl.GT.ILL)  GOTO  21 

CCOW(l#n*CCD>^(l,l)  ♦ ELECTR(I) 

If (INOISE.EQ.n  GOTO  9002 
IFCINPT.EO.O)  GOTO  9002 

AOO  IN  INPUT  NOISE  SOURCES 
SHOT  INPUT  INTERFACE 


IF(I3.UE.30)  GOTO  20 
I3»l 

CONTINUE 

READCl|ENOa3e30,ERRa303O)  A 
CONTINUE 

CCDW(1,1)«CC0W(1»1)  ♦ ACI3)*9DINPT 
I3«I3  ♦ 1 
CONTINUE 

IF(CC0W(1«1}.6T.Q2}  CCOWCl, 1)102 
IF (IPRINT.NE, 1)  GOTO  21 

WRITE (9,1 001)  I, (CCOWCl, JJ) ,CCOW  (2, JJ) ,JJ 11,11} 
CONTINUE 
J«I 

IP(lBFGIN,GE,lLt)  lENDwIENO  ♦ 1 
IFCJ.GT.ISTAGE)  JalSTAGE 
DO  3 A«1,ISTAGE 


FIND  RESIDUE  AT  CLOCK  1 WELLS 
TRANSFER  remaining  TO  CLOCK  2 WELLS 
LEAVE  THE  RESIDUE  IN  CLOCK  1 WELL 


RES»XPERC*CC0W(1, J) 
CC0wC2,J)»CC0W(2,  J)  ♦ CCOWCl, J) 
IKCIJJ C5) .EO.O)  XHE5»CC0W(1, J) 
CCOWCl, J}(RES 
IFCOARK.EQ.O,)  GOTO  5020 
IFCI3.Lt.2<>)  GOTO  5021 
13il 

CONTINUE 

READ(l»ENOa3O40>CRR«3040}  A 
CONTINUE 

RAV»SQRTCACI3)**2  * ACi3wi)**2) 
RAYY»RAY*XN3T 

PARK»C0NST» (gSI«RAYV  ♦ GG) 
CC0wC2, J) »CC0WC2» J)  ♦ dark 
I3«I3  * 2 
CONTINUE 

IF  (INOlSE.EO.l)  GOTO  8003 
IF  (Imiul.EvJ.O)  GOTO  6003 


RES 


ADO  IN  MIDDLF  NdlS!:  SOURCES  n-ly 

SHOT  2«INTERFACF. 


c* 

iFiis.ue.3e)  auTO  se 

is«i 

3051  CONTINUE 

PtAOCl ,tNO«30bZ,ERRs3050)  * 
30  CONTINue 

CCOw(?,J)»CCDWta,J)  ♦ AC13)*30M1DL 
13»13  ♦ I 
800]  Continue 

c* 

C*  ADO  IN  transfer  noise 

c« 

IF (INOISE.tO. I ) GOTO  8006 

IF  (IJJ(5J  .tQ.n  GOTO  8006 

lFtl3,Ue.30)  GOTO  15 
13>1 

3061  CONTINUE 

RtAD(l,CNO«30b0,EHR»5060)  A 
35  CONTINUE 

RE3«XRES 

IF' CRES.LT.O.)  HE3«-RtS 
XRE3»SDTRAN*S0RTCRE3)»A(I3) 
I3«I3  ♦ I 

CC0w(2» J)«CCOwCa» J)  • XHES 
CCOmCIi J}«CC0^C1>J)  ♦ XRES 
8006  CONTINUE 

IFCCCDWCl, J3 .GT.Oa)  CCDw(l,J)«oa 

iFCccQwca, J) ,GT.Q2)  ccow(a,j)«aa 

IF (J ,LE. lEND)  GOTO  RR 


J«J  .1 
CONTINUE 


RR 

CONTINUE 

IFCIPRINT.NE.n  GOTO 
WRITE (5, 1000)  ( 

1000 

F0RM*T(6CaX,E15,8)) 

aa 

CONTINUE 

1056 

continue 

CALL  FILTER(I,IEND) 

1 

CONTINUE 

RETURN 

3000 

REWIND  1 

GOTO  3001 

3010 

rewind  1 

GOTO  3011 

3030 

REWIND  1 

GOTO  3001 

3030 

rewind  1 

GOTO  3031 

3040 

rewind  1 

GOTO  3041 

3050 

REWIND  1 

GOTO  3051 

3060 

REWIND  1 

GOTO  3061 

END 


I 


B18 


V.. 


c* 

c« 

C*  CCOjr.PTN 

c* 

c*  SUbROUTINC  LOADS  UP  ThC  NEIGTHS  FOR  A FILTER 

c* 

c« 

SU9R0UTINE  COEFF8 
COIAHON  lb 

COMMON  /FILTER/COEFF Cfe00) 

COMMON  /voLTs/ai,a2, iTiME, ipp,ec3ia) 1 12 
common  /8INSTH/ZL t30) , IJ  (30) 
common  /RANO/PIiPII 
ia«i 

ISTAGE»U{1) 

TS»1 ./ZLt4) 

TIME«»FlOATCITIM£/2)«t8 
ISTA«T«ITIME/2  - IJ(5)/'2  ♦ I 
JJ»l 

DO  9080  I«l,lTIMe 

IP CJJ.GE.I8TART)  GOTO  8081 
JJ.JJ  * I 
•, ’ME^TIME  ♦ T8 

8080  continue 

8081  continue 

SLOPE«ZL  C2T) 

DO  1 I>l,ISTAGe 

aRGGiSLOPE«TIme«*2 

XF(tlw.EQ.B),0R.(IN,Ea,2))  COEFFCI) jCOS(ARGG) 
IFCCIw.EQ,l),QR.CIb,EQ.3))  COEF F ( 1 ) • S IN ( ARGG) 
TIME»TIME  ♦ TS 

I continue 

IFCIJCaj  .EO.J ) RETURN 
call  HMNGH(COtFF, ISTAGE) 

RETURN 

END 


B19 


c* 

C*  CCOitt.FTN 

c* 

c* 

C*  SUBROUTINe  COMPUTES  THE  FILTER  RESPONSE  PER  PULSE 

C* 

C* 

C« 

SUBROUTINE  FILTER (J, lENO) 

REAL  AAC3B) 

COMMON  /FILTER/COEFF(600) 

COMMON  /BINSTR/XL(30),IJ(30) 
common  /RAND/PI»PII 

COMMON  /'VOLTS/01,02,  ITIME,IPP,8(30),X2 
common  /CCO/CCOW(2,601) 

COMMON  /PA5S/5TAOC20) 

c« 

BIAS«STAD(S)  * STADCS)*XL(1) 

ISTAGEdJd} 

1N0ISE«IJ(8) 

ERR«I.  ♦ XL(20) 

SD«XL(17) 

CSa0. 

IlaSI 

IK-ISTACE 

IBEGINaJ 

IFCIBESIN.GTtlSTAGE)  IBEGlNaXSTAGE 
DO  10  I>IEND>IBtGIN 

uELL*CCUW(2« 1}  - aXAS 
IFCINOISe.EQ.l)  GOTO  9 
IF(SD.LE.0.)  GOTO  9 
lP(n,LE,30)  GOTO  7 
Il«l 

S READ(1>END«1000>ERRb1000)  aa 

7 CONTINUE 

CS»CS  ♦ WELL*COEFF(IK)*(ERR  ♦ AACIl)*SO) 
ll«Ii  ♦ I 
GOTO  1010 

9 CONTINUE 

CSaCS  * WELL*C0EFF(IK} 

1010  1K>IK  • 1 

10  CONTINUE 

B(I2]«CS 
I2«I2  * 1 

IF(C12.L7,3n ,ANO, (J.LT.ITlME))  RETURN 
I2«l 

WRITF(2»IPP)  B 
IPPbIFR  ♦ 1 
RETURN 
1000  REWIND  1 

GOTO  S 
END 


B20 


CCO20.FTN 


C* 

C* 

c* 

c* 

Ct 


c* 

c* 

c* 

c* 

c* 


c* 

ct 

c* 


c* 

c* 

c* 


c* 

c* 

c* 


c* 

c* 

ct 


10 

c* 

c* 

c* 


15 


20 


25 


C* 

c* 

c* 


SUBROUTINE  80 

common  /BXN3TR/XX(30) »IJ(20} 
COMMON  /PASS/STAO(20)>I3T«Dt20) 


LOADS  appropriate  NOISE  SOURCES  IN  SOS 


IPdJCSI.EQ.l)  RETURN 
S0INPT»XX(6) 
sosKi’T«xjf(rj 
SD0UTPaXX(9) 

SDlNTRaXXCtB) 

CHECK  TO  SEE  IP  ALU  SOURCES  ARE  AOOEO  |N 

XSTAO(l)a0 

ISTAD(2)a0 

I8TAO(3}a0 

IP(IJCte))iEQ.l)  GOTO  10 
SiaSOSHOTaSOSHOT 
32aS0lNTR*S0INTR 

INPUT  SO 

$TAO(l}aSQRT(SOlNPT*SOINPT  a SI  ♦ S2) 
ISTAOdJaj 

middle  noise  sources  minus  transfer 

STA0(2)a3QRT(Sl  * 2.aS2) 
lSTAD(2)al 

OUTPUT  NOISE  SOURCES 

STA0C3)aSQRT(Sl  a 32  a SDOUTPaSOOUTP) 
ISTACdJal 
RETURN 
CONTINUE 

COMPUTE  INPUT  IF  NEEDED 
VARa0. 

IF  djcin  .Eo.n  goto  15 
VARaSDINPTaSOINPT 
ISTAO(l}al 

IF  dJ(12}  .EO.l)  GOTO  20 

VARaVAR  a SOSHOTaSOSHOT 
iSTAPd)*! 

IFdJ(16}.E0.n  GOTO  25 

VAHaVAR  a SOlNTRaSOlNTR 
nrAOd  J «1 

IFtI8TA0(J) ,EO,n  ViPtSORT  (VAPT 
STAOClIaVAR 


COMPUTF  HinOLK  5N 

B21 


r 1 


V4Ra0. 

IF(IJ(12).b0.n  GOTO  30 
VARaSDSHOTaSOSHOT 

ISTAO(2)ai 

30  IfdJCl^J.EO.n  GOTO  35 

VARaVAR  a 2,*SUlNTRaS01NTR 
I8TAO(8)ai 

3S  IP(X$TA0(2) .CU.l)  VARa9QRT(VAR) 

9TA0(2)aVAR 

Ca 

Ca 

Ca  COMPUTE  OUTPUT  80  IP  NCEOCO 

Ca 

VAKa0| 

IPCIJ(J2).EQ,1)  GOTO  40 
VARaSOSHOTaSOSHOT 
lSTA0C3)ai 

40  XP(IJ(14).EG.1)  SOTO  49 

VARaVAR  ♦ SOOUTPaSOOUTP 
lSTA0t3)ai 

45  iFUJtlbJ.EQ.i)  GOTO  SO 

VARaVAR  * SDXNTRaSOXNTR 
XSTA0(3)ai 

90  XPCXSTAOtSJ.EO.l)  VARaSORT(VAR) 

STA0(3}aVAR 
RETURN 
END 

Ca 

Ca 

Ca  CS  LXNK  STRUCTURE 

Ca 

Ca 

Ca  C9,C5<CCD,STB,C5,CC08,PTNLXB/U/U/E 

Ca 

CALL  OUTP 
CALL  RETURN 
END 


! 


CCOd.FTN 


t 


l 


f 

I 

\ 


1 

[ 


c 

c 

c 

c 

c 

c 

c 


c« 

c* 

c« 

c* 

c« 

c* 

c* 

c* 

c* 

c* 

c* 

c* 

c* 

c* 

c* 

c* 


7«4S 

10 


SUBROUTINE  PRINTS  OUT  INITIAL  AND  FINAL  ARRAYS 


SUBROUTINE  OUTP 
real  AOeiiBBCSB) 

CDM»«0N  /INPUT/ELECTR(1200) 

COMMON  /Y0LTS/XMAXV,XMAXEL»ITIME,1PP 

COMMON  /9INSTR/XZ(30) , IJ  12) , ILT, IF ILT, ILL (3) » INOISE, I JL (20) 
COMMON  /PASS/STAO(20} »1STAO(20) 
common  /CCO/ZL(1200) 

COMMON  /F1LTER/ARRY(S00) 


N ■ • STASES 

vMxxo  maximum  output  voltages 

VMINO  minimum  output  voltages 
F FULL  WELL  OF  ELECTRONS 

OUTPUT  OF  FILTER  CAN  HAVE  A RANGE  OF 
values  of  « to  - N*F*STA6ES 

VOLTAGE  OUTaSLOPE«(ELECTONS  * F*STA6ES) 

electrons  is  • ELECRONS  FOR  THAT  SAMPLE 
8LOPE»(VMAXO  • VM1N0)/C«*F*STAGES) 


12*31 

VMAXOaAS.E-S 

VMINO*l.E«S 

X3*FL0AT(1J(1))*XMAXEL 

xaaX3 

XbavMAXOFXa 

CONTINUE 

IJLLPB 

IPPaB 

CONTINUE 


Ja0 

DO  100  Ial,ITINE 
lF(12.Lb,30}  GOTO  1 
12*1 

IF(IPP.GT,0)  WRITE(2»IPP)  bb 
IPPalPP  ♦ 1 
RkAD(2*lPP)  BB 

I CONTINUE 

IF((XZ(3).LE.0.}.ANO. CXI(S).LE.0.))  GOTO  SS5S 
IF(Md(I2),GT.Xfl)  BB(12)*Xfl 


1F(BBCI2) ,LT. 
X2*Bb(I2)*X0 

-X4) 

BB(le)*-X4 

Ba(I2)aX2 

9SSS 

continue 
12*12  ♦ 1 

100 

CONTI»'Ut 

WRlTE(b>S010) 

IPP 

S010 

fuhmak'  done 

WITH 

OUTP'  ,16//) 

I?»31 

1JLL*IJLL  * 1 
IFdJLL.LT.o)  GOTO  10 
WMlTfc(2»lPP)  BB 


1 

1 


) 

1 

) 

i 

i 
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BEST  AVAMBU  COPT 


RtWIND  1 
£^UPIL£  1 
IPP'l 

I JLL«tf 

30  CONTINUE 

I«»51 

DO  H079 

iP(u.L£.30}  soro  aers 

X2*l 

REAOCP'IPPJ  BB 

IPPbIPP  ♦ i 

S07S  CONTINU!' 

IPCIJLu.Ea.B)  £L£CTR(l)«9Btl2) 

IK  tlJli-.EO.SI  ELeCT«:i)*£LECTRCl)  ♦ 

IKClJLL.tO.n  ZL(I)«-Be(I23 

IKClJLL.EU.ti)  ZLCn«Zl.tI)  ♦ 85CI2) 

I2*X2  * 1 

8079  CONTINUl: 

IJLL«IJLU  ♦ 1 
IK  (XJLLiUT.a)  GOTO  30 
IJRiXTIKie 
DO  91157 

ELtCTRtn*5QRT(ELeCTRtI)**2  ♦ ZU(I)**2) 

9157  CONTINUE 

C*LU  PLOTl CELcCTR,XMIN,XMAX,AVE,VAR,VARX,IJR) 
WRITe(5,«07S)  MR, AVE, VAR,XMAX,XMIN 
8075  KORMATC'  OUTPUT  #',18,'  AVt  ',lP£l5,a,'  SO  MPE15,8/ 

2 ' half  the  output  AVfc  ',lPfel5,a,'  80  MPEIS.B//) 
ENOKILE  2 

lF(ItL(i),Nt.0)  RETURN 
JK#l 

CALC  tPiOT  (titCTHfXMAM, IJRfJKfJH) 

RETURN 

END 


e« 

c* 

C«  C6  link  structure 

e* 

C*  C6,Cb<CC0,8T8,C8,CC026,CC027,CCD28,CC029,CC016,KTNLXB/L/U/E 

c* 

c# 

call  SETUP 
CALL  RETURN 
END 


1 


e* 

c* 

c* 

c* 

c« 

Cl 

c* 

c* 


aaaa 

77 

6 


la 


7 

la 

28 


38 


LXT7Ue  BOOKKEEflNe 
CC026.FTN 


SUaROUTINC  SETU^ 

RCiL  «9R(S0} 

COMMON  /BINSTR/)IX(30),IJ(ie} 
common  /CCO/B(1200) 

COMMON  /XNPUT/A(t200) 

COMMON  /V0(.TS/01,02,ITIME 
IP(IJC30).EQ,a)  RETURN 
ICC>1 
CONTINUE 
NUMdalTZME 

CALL  PLOTl (A,XMIN,XMAX, AVE,VAR,VARI,NUMB) 

WRITE C5*aeae}  numb^ave* var^vari 

FORMATdHl*  # MEAN  SO  * > IS,  4 (IX , IMEIS.B) /} 

CALL  P0W2(NUMti,J) 

CONTINUE 

CONTINUE 

call  PLOTl (A,XMIN,XMAX,AVh,VAR,VARl,NUMa) 

00  18  lalrNUMB 
A(n»A(IJ  • AVE 
CONTINUE 

CALL  PLOTl (A,XM1N,XMAX, AVE « VAR, VAR  1, NUMB) 

WRITE(S,8080)  NUHB,AVt, VAR, VARl 
AVEal, 

CALL  PL0T(A,NUMB,XMIN,XMAX,AVE,AVE,AVC) 

Kal 

CALL  EPLOr(A,XMAX,NUMS,R,K) 
iNDadaaj 
IPPaINO  • NUMB 
IFCIPP.EO.0)  GOTO  10 
RaNUMB  ♦ 1 
DO  7 laRfXND 
A(I}a0. 

DO  20  laifJND 
Bcnaa. 

CONTINUE 

CALL  FRXPM(J,A,B] 

INOaINO/2 
DO  30  laiilNO 
0«A(naa2  a 9(I)a*2 

OaSQRTCO) 

AdJaO 

CONTINUE 

CALL  PLOTl (A,XMIN,XMAX, AVE, VAR, VARl, IND) 

lal 

CALL  EPLOr(A,XMAX,lNO,I,I} 

ICC'ICC  ♦ 1 
Iwal 
RETURN 

BEST  AVAlLABlt  COPY 


L 
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LITTLE  800KKeei*INC 
CC027,FTN 


c* 

c* 

Ct 

c* 

c* 

Cl 

c* 

c* 

e* 

c* 

c* 

c* 


600 

e« 

e* 

c* 


631 

620 


SUSROUTINE  FRXFn(N2P0WfXT«VT) 
OeClNATZON  IN  FmeoUCNCT  FPT  AL60R1THN 


DZNfcNSION  XT(2),yT(2) 
Na2*«N2PQN 
M«N2P0i<l 
DO  600  L0aUM 
LMX32**(M-L0) 

LIXa2*LHX 

3CLa6.2a3l653072/FLOAT(LlX) 
DO  600  LMBlfLHX 

ARGiPLOAT(LM»l)aSCL 

CbCOS(ARO) 

S>SIN(ARO) 

DO  600  LlBLlX»N,LIX 
J1>L1"LZX^LM 
JZaJl^LMX 
TlaXTtJlJ  -XT(J2) 

T2»YT(Jl)  - YT(J2) 
XT(Jl)aXT(Jl)  ♦ XTCJ2) 
rTUn»YT(Jl)  * YTCJ2) 
XT(J2]aC*Tl  ♦ S*T2 
YT(J2)aCaT2  - SaTl 
CONTINUE 


BIT  reversal 

NV2aN/2 
NNla  N «t 
Jal 

DO  635  laliNMl 

IFCI.BE.J)  GOTO  631 
TXaxT(J) 

T2aYT(J) 

XT(J)8XTtIJ 

YTIJJaYTd) 

YTdJaTl 

YT(IJaT2 

KaNVS 


continue 

IFCK.GE.J)  GOTO  635 
JaJ  -K 


Hu 


Cl 

c* 

C*  CC02a.PTN 

c* 

c< 

SUBHOUTXNE  M6HT (A , XN, NUMB) 
REAL  A(e) 

COMMON  /RANO/PX»PXX 

c* 

c* 

c* 

NbNUMB  • 1 

IP(NUHB.NC,2*CNUMB/2)}  NbNUMB 
N«N/2  - I 

CONST«PII/FLOAT(NUHB) 

ALPhAb;9.S4 

ZP(IW.E0.2)  ALPHAbB.B 

ci>i.  - alpha 
DO  1 lalfNUMB 

TlBCO'<BT*FLOAT(ItN) 
A(1)«A(I)*(ALPHA  ♦ Cl*COS(Tl)) 
X CONTXNUE 

RETURN 

END 


I I 

' ! 

! i 


1 


BiSVAVWUBlt  COPX 


B27 


•<r- 

C* 

C*  CCD2«,FTN 

C* 

C« 

SUHtOUTIKE  ePLOT(XT.XMAX,LNUMS,LSTRT,lINT) 
e FOR  PLOTTING  RESULTS  ON  A SCALE  0 TO  90  DB 

C ASSUMES  THAT  CAPTIONING  IS  PROVIDED,  AND  POINTS  EXIST  (UP  TO  LEND) 

C normalizes  POINTS  TO  XMAX  BEFORE  PLOTTING 

e* 

Ct 

C*  XT  VECTOR  OF  STONED  POINTS  TO  BE  PLOTTED 

C«  XMAX  MAX  value  IN  VECTOR  XT 

C*  LNUMB  number  OF  POINTS  TO  BE  PLOTTED 

C*  LSTRT  INDEX  OF  FIRST  POINT  TO  BE  PLOTTED 

C*  LINT  INTERVAL  BETWEEN  PLOTTED  POINTS  IN  ARRAY 

C« 

C«  OUTPUT  OF  999  MEAN  THAT  POINT  WAS  LESS  THEN 
OR  OR  equal  to  zero 

C* 

CRRRRRRRM27-  LATEST  RECENSION  DATED : 121 ,APR,77 
REAL  AKARCS) 
real  XT(2) 

common  /CCO/ALlNEdBl) 

DATA  AXAR/», *1*0*/ 

LEN0«L9TRTRCLNUMa-l)*LlNT 

KOUNTaB 

WRnE(5,lSJ 

19  F0RhaT(//99X, *08  DOWN*/) 

WR1TE(S,17) 

17  F0RMAT(/1X, 'PT  « value  100  *il7X,*S0*,lBX,'60',ieX,*40*, 

1 16X,'20*,18X.*0  INDEX') 

00  20  laLSTRT, LEND, LINT 
TtSTtXTdJ/XMAX 
IFCTEST)  24,24,20 
24  0Ba949. 

60  TO  30 

20  OaB«20.aALOG10(TEST) 

30  IPC  MOO(KOUNT,10).NC.0  ) 60  TO  90 

C EVERY  TENTH  LINE 

DO  39  Jai,101 

39  ALlNE(J}aAKAR(n 
DO  40  Jb1,101,5 

40  ALlNE(J}aAKAR(3} 

GO  TO  70 

C ALL  OTHER  LINES 

90  DO  99  Jal,101 

99  ALINC(J}aAKAR(4) 

DO  60  Jal,101,10 
00  ALINE(J]aAKAR(2} 

C LINE  READY  FOR  INSERTION  OF  POINT 

70  KOUNTaKOUNTal 

Lal01-IFIX(DBa.9) 

IFCL.lt, 1)  GO  TO  90 
ALlNECDaAKARCS) 

90  WR1TE(S,99)  1,DB, (ALlNE(J),Jal,i0l),KOUNT 

9b  FORMAT C I X, l4,F7,a, lx,  UnAl,I9) 

20  CONTINUE 

WRITE(5,1T) 


ooonoooooooorionooon 


SUBROUTINE  PLOTS  OUT  AN  ARKAY  ON  LINEPKINTER 
CCOU.FTN 


C* 

c* 

c* 

c* 

c* 

c* 

c* 

c* 


SUBROUTINE  PLOTCARRAYiNEUNNT, AMIN, AMAX,C0NT,CELT,TINTL) 

ARRAY  IS  THE  ARRAY  OP  DATA  TO  9t  PLOTTED  PROM  THE  THE  IST 
element  to  THt  element  NUM9EK  GIVEN  BY  NELMNT, 

AMIN  IS  THE  MINIMUN  value  ThE  PLOT  COULD  REACH,  , 

AMAX  IS  THE  MINIMUN  VALUE  THE  PLOT  COULD  REACH,  j 

CONT  IS  A SWITCH  that  tells  ThE  SUBROUTINE  IF  THE  INPUT  j 

ARRAY  IS  A CONTINUATION  OP  THE  LAST  PLOT,  ] 

CONT  GREATER  THAN  1.?  IMPLIES  A CONTINUATION,  j 

CELT  IS  THE  INCREMENT  TO  BE  U5E0  ALONG  THE  ABSCISSA,  j 

TINTL  IS  THE  INITIAL  VALUE  UP  THE  ABSCISSA,  \ 

•••NOTE*** 


TINTL  IS  CHANGED  BY  THE  SUBROUTINE,  IT  IS  RESET  TO  THE  VALUE 
THAT  IS  EXPECTED  AS  THE  INITIAL  VALUE  OP  THE  NEXT  CALL  IP  THE 

CONTINUATION  OPTION  IS  USED.  I 

IP  THE  CONTINUATION  OPTION  IS  USED  AND  THE  INITIAL  TIME  IS  CHANGED  ! 

PROM  THE  EXPECTED  VALUE,  THE  OUTPUT  WILL  PE  PLAGEO  WITH  A *, 

The  timing  will  Sf  RESEOUENCEO  TO  AGREE  -ITM  THE  NEw  VALUE, 


1 

2 

3 

C 


DIMENSION  ARRAY  (S],XSCB] , STRING C 123} 

DATA  SPACE/'  '/,STAR/'0'/,GRID/'*'/ 

AVEae, 

VAR«3, 

TINTL«ABS(TINTL) 

DO  1 I>1,12S 

STRING(l)aSPACE 

DO  2 1«I2, 112,25 

STRING(I)aGRIO 

IP(C0NT-l,)3,3,a 

Xal.aOlaCAMAX-AMlNJ/iaB, 

KR  GIVES  X ROUNDED  TO  KR  SIGNIFICANT  DIGITS  EQUALS  XIN, 

KRBb 

ZP»-fcR,07r5 

Z«AMAX1 (ABSCX) ,EXP(ZP3 ) 

LOGl DP lALOG (73/2,302565 
KI*INT (LOG10P*50,) 

PWHK«la.**(5'7l*KR-H\3 

SIGXaAINTCXaPwRK) 

p<kKMl»K),«*(aq*KH»Kl3 

5I&RM1«AINTCX*PWRKMI) 

Y«1J!,*SIGKM1 


YP»S1R«-Y 
NY*1NT  CYP) 

NY*  c INY3  /5*13  *5 
YP»AINT((NY*Y3/10,) 
RCUN0E*YP/PWRKM1 
XI^«RQl.'^')P 
X I N • X 

*VE« (AMAX*AMIN) /2, 

L' . i.M  ■ r « » ‘ * r * " T / ' T ' 1 ' N 


«r 


ysn  3 *RPv/*V*-«!».  •kIn 


XS(‘?3»RtV*VE-RS.**tM 


B29 


c* 

c* 

c* 


XS(3)sREVAVE 
XSC4}aREV*VE*£S,*XlN 
XSC5)aRtV*VE«!>0.*XIN 
WRirecS. 100P)OeLT, TINTL. XS 

laoa  FOH-iAT  (/sxaartAgsClSSA  IS  IN  UNITS  OF  IPEIS.T, 
I ' INITIAL  value  MPEt3,T/ 

? feixJlH— — AMPLiTUnE  — • /2X6HABSCI88A5X 
3 lPtU.4>4C14XlPEll.4)/lX,132(lH4.)) 

BY  PASS  CODE  AFTER  GOTO  6 

KNT-l 

IF(TINTL,GT,1 ,5  KNTiTINTL 
IF CKNT.GT.Ifl)  GOTO  6 
TSAVEaTINTL 
ICNTaJ 

4 KNTCNK»CTINTL-TSAVEJ/0ELT*,1 

IF(kntchk-KNT)5,6,S 
9 WRITECSilOen 

leei  F0RMATC/2H  A/J 
KNTaKNTCHK 

6 DO  r Ial,NELMNT 
AVEaAVE  * ARRAVCI) 

VARaVAR  * AHR A Y ( I ) A ARR A Y ( I) 

KaC (ARRAY (I J -AMIN) /XINa2,5) 

IF(K.GT.122)Kat23 

IFCK.LT.lJKal 

TEMPbSTRINGCK) 

STRING(K) aST*R 

WRITE (5,1002) KNT, CSTRINGCJ) ,Ja2,lJ3) 

1003  FORmaT(I10,IX133A1) 

KNTaKNT  * 1 

7 STMING(F)aTEMP 
TINTLaFLOATCKNT) aOELTaTSAVE 

xinbnelmnt 

XMINbCXIN  > I.JAXIN 
VARb)(iis*VAR  - AVEaAVE 
IF(VAR,GT,0,)  VARbSQRTCVAR/XMIN) 

AVEbAVE/XIN 
WRITE(5>S000) 

8000  FORMATC'  • OF 

MINIMUM  value 

maximum  value 


2' 

3' 

4* 

9» 


NEUMNT, AMIN, AMAX, AVE,VAR 

elements  *,15/ 

»,IPE15,8/ 

% IPE15.8/ 

MEAN  OF  F.LEMENT5MPE15,8/ 

30  OF  TME  elements', 1PE19, 8//) 

return 

ENO 


Mi  0*^ 


B30 


■] 


CCD  LINK  STHUCTUHK 


c* 

c* 
c* 
c* 

C*  CCD,CCO,CCD«CCDi,FTNLia/L/U/t 

c« 

c* 

c«  C0  LINK  sTPucniae 

e* 

C*  Ce,Cf!KtCO.SVB,C0,CCOt.,CCDl9,CCO3l#fTNLIB/L/U/E 

Ca 

C* 

COMMON  /0IN3Tfi/XX  C5i(i5  I IJ  C30) 

COMMON  /PASi/STfcfHSaJ  I IflTADCSa)  jN'OrtCrj  ,IRW(fl) 

I continue 

call  instr 
XPUJC2i)-Ci''.e;  c/ul  rlpeat 

> CiJ '.-n  ,L’‘.  35  -iOV;)  i 

Ci\LL  '<6T>jMK 
LNU 


B31 


CC06.fTN 


I 


C 

c 

c 

c 

c 

c 

c 


700a 


7001 

7002 
7005 
700i 


1 

100 

101 


201 

3 

103 


C* 

C* 

c* 

c* 


4 

104 


I uO 


SUdKOUTlNfc  READS  IN  THE  INSTRUCTIONS  FUR  A RUN 


subroutine  INSTR 
REAL  AC3) 

COMMON  /CCO/XPERCi XMEAN,XSt)f FCLOCA.FBANO,XZ(4) iXLEVi 
2 ZL(2a) ,1STAGE,IPHINT,ILENUT, IFIUT,NRVS,IJ(20) 

COMMON  /8IN5TR/XXZC303 ,IJL(30) 

COMMON  /V0lTS/wW1,WW2,ITIME 

COMMON  /PASS/STAOCao) »13TAO(20) ,IVAR,IVAR1,R0R(7) ,IRW(4) 
COMMON  /RANO/RI  (4} ,RRC6} 

DATA  A/4HTEMP,aH02.D|4MAT00/ 

ULcai)»0 

1RM(3) 40 
IJL(R)»99q8 
wRiTECbjTeepj 

FORMATt'  CREATE  NER  FILE  ON  OAT  SLOT  2 Y»0  Nil  »/) 
REA0(6,qiJ  I 
IFd.NE.ai  GOTO  7005 
WRITE(6,7001) 

FORMAT!'  NAME  OF  FILE  XXXXXX.O  V) 

REAO(6,7002}  A(1),A(2) 

FaHMATC2A43 
WRITEC5, 70033  A 

FORMAT!'  name  of  file  fur  THIS  HUN  ',3A4//3 
CALL  SETF1L!2, A,  IER2, 'OA',03 
define  file  2I50»b4,U,lVAR3 
wrITE!(>,  1003 

FORMAT!'  THE  NUMBER  OF  STAGES  IN  THE  CCD  IFlOtOIV/) 

REAO!6,1013  X 

FORMAT!F10,03 

IUPPER4600 

ILOWER»0 

I3TAGE*X 

IF!!lSTAGe,r.T.ILOwER3.AND.!ISTAGe,LE.IUPPER3)  GOTO  3 
WRITE  ! 6, 201 3 ISTAGE, ILOwEH, lUPPER 
FORMAT!'  ERROR  MESSAGE  • OF  STAGES  TO  SMALL  OR  TO  LARGE'/ 
2'  • OF  STAGESI  ',14,'  LOWER  LIMITl  ',14,'  UPPER:  ',I4//3 
GOTO  1 

MRITE (N, 1033 

FORMAT!'  SO  or  THE  INITIAL  STATE  !F10,0)  '/ 

2'  IF  < 0 THEN  NO  BACKGROUND  VOLTAGE  AOOEO  '/) 

REAO!h,10l3  XSO 


CHANGE  02/22/F7 


XXZ (3) aXSO 
lJL!134lSTAGt 
WHITE  tS, 1 043 

FORMAT!'  surface  or  BURIED  DEVICE  !0  OH  l,)'/3 

REAn!R,l0i3  ZZI 

IJtl3»7Zl 

IJLCblalJdl 

IF  ( CIJ  ( 1 3 ,LT  .>13  .OH.  (IJ  C13  ,G  I . 1 3 ) GOTO  4 


WRrT^  f A, 10B) 

^ U’<MA  1 ( ' A,>E  A OF  Wf  L L 

HEAD!b,1013  7LC53 
HHiTElfe,  \M) 


IN  u • • P '/) 

BEST  AVAIUBlLCOEf 


107 


•r. 


7891 


109 


9090 


7011 

5 

1000 


206 


1006 

60 

701 

60 

800 


190 

91 

9006 

C* 

C* 

C* 

C* 


96 

9J 


7020 


7I1?? 

/K121 


F0R'<*7(*  X Of  B4Ct<';-.H0'JN0  '(■ 

i • <0  THEN  SPECIFY  TMANbFtli  “/) 

REAO(6,101}  ZL(6) 

IPCZL(6) .17,0.)  WRITeC6,789:’ 

FRtrTlON  i.^?r  hoo*^  li-;.  .vxxyvj 

ifczlc6J.lt. 0.)  RtAacL,i0ij 

IFC7LC6)  .GE,0,)  CALL  CTT  (Zl.  I,.  , 

RRlTtCSf 109) 

FORMATC'  CLOCK  SHINS  VOlTAOE  .<) 

REAOC6,101)  ZL(6] 

XXZClJsXPCRC 

XXZC15)»ZLC5J 

XXZC16)«ZL(A) 

xxzciejsZLCe) 

WRlTE(6f 9050) 

FORMATC'  PL07  OF  INPUT  AND  CL":PUT  v.3  Na|  «/) 

READ(b,91)  1JU(7) 

HRITEC6.7011) 

format c'  fft  of  Output  f<.i  n 

ReA0(6,91)  IJL(303 

WRITE (S, 1000)  I5TAGE,X?ERC,ZL'b; 

FORMATC'  t OF  STAGES  IN  THE  CCO  '.•'5/ 

3'  CTI  OF  DEVICE  ',1P£15.8/ 

«'  X OF  THE  aACKCROUNO  CHARGE  P.'iL.L/ 

4'  AREA  OF  THE  WELL  CMIL*  *2  J ' , 1 Pf  1 ^ , f-/',  j 
WRITEC6i206) 

FORHATC'  clock  frequency  CF10;  ♦/} 

CLCKhX«l,E10 
REAOC6.10t)  FCLOCK 

IF(CFCLOCK.GT.0.)  .AND,  CFCLOCK.Lc.^CUi'MXJ)  GOTO  60 
WRITE f6, 1006)  CLCKMX 

FoRMATC'  CLOCK  rate  outside  l;-  KANSf  JF  0,  TC  'FU.0F) 
SOTO  6 

continue 

WRITEC5,701)  FCLOCK 

FoRHATC*  CLOCK  rate  »,1PE15,8/) 

WRITEC6.S00} 

FORMATC'  THE  LENGTH  OF  TIME  OF  THE  RUN  « 1201  */) 
REAOC6,t01)  ZZl 
ITIhe-ZZI 

1FCCITIhE.LT.0).OR.CITIME.GT  i200J)  GOTO  60 
WRZTEC6>90) 

FORMATC'  PRINT  OUT  INTERMEDIATE  VALUES  NOi0  YESpI'/J 

READ(b,91)  IPRXNT 
FORMATCIl) 

WRITE(6>9000) 

FORMATC'  feedthrough  VOlTAGE  \QucO  0 OUTPUT  N*a  Y»i*/) 
MAXIMUM  INPUT  VOLTAGE  IS  2.6  vQlTS 


XXZ  C4) ‘FCLOCK 
IJL(2)aIPRlNT 
XMAXV»2,a 
WWliXMAXV 

RCADC6,91)  NRVS 
HRITEC6/9J) 

FORMATC*  DURATION  OF  THE  SIGNAL  M1N»0  MAX»1200»/) 
READC6,iei)  ZZl 
IuEnGT=ZZI 
WRITE  t6,T020) 

FORMATC'  TYPE  OF  SIGNAL  PULSE  ‘ki  SIN  « 1 '/) 

pt  * 'I  (*■ , 4 1 ) j '^9) 

IF  CIJL  (29)  ,EG,0J  GOiU  9t> 

WRITE  f<.,Tr?n 


AvwuBii  wy 


FORMATf'  • OF  RINlJSriiTALS  » 5 * / .' 

833 


'4 


Rb*U(6,101)  ZZl 

iJUtae)«zzi 

IFC(IJL(2S).Lt.0).OR.(IJt.(as).6T,4))  GOTO  7022 
IKK*! JL  lae) 

IKLa30 

DO  71925  lalflKK 
wKlTE(b,7e24)  I 

7024  FORMAT('  FREQUENCY  OF  THE  M3,»  31CN4L (HERTZ)  */) 
HEA0(6,101)  ZZl 
XXZ(IKU}«ZZ1 
MRITECb>S02S)  X 

8029  FQRMATC'  amplitude  (X  OF  WELL)  OF  THE  SIGNAL*/) 

READ{6,101}  STAD(I) 
sTAom*i4wi*sTAocn/i0e. 
wRXTEC5«703et)  I , ZZ 1 . ST  AD  (I ) 

7010  FORMATC*  frequency  of  the  *,I3,'  SIGNAL  *»IFE15,8/ 

2 • amplitude  (VOLTS)  OF  THE  SIGNAL  ',IPE15,S/) 

IKL»IKL  • 1 
7023  continue 

WRITE(6i6053) 

8053  F0RMAT('  DC  BIAS  (X  OF  WELL)  TERM  ADDED  TO  INPUT  F10  »/) 
READ(b,101)  XXZ(S) 

XXZ(5)aWWl*XXZ(9)/100, 

GOTO  9918 
95  CONTINUE 

WRITE(6»92)  XHAXV 

92  FORMAT!*  INPUT  LEvEL  OF  SIGNAL  MAX-  ',F10.3»»  VOLTS*/) 

READ(b,10i}  XLEV 

IF(CXLEV.LE.e.).OR.(XLEV.GT.XMAXV})  GOTO  95 
9918  CONTINUE 

IJLC3)aILeNGT 

IJL(5)*NRVS 

XXZC10)aXLEV 

WRITEC6»8010) 

8010  FORMATC'  NON  LINEAR  INPUT  WARPING  Va0  Nal*/) 

REA0(6,9l)  IJC12) 
li^RXTECb^^T) 

97  FORMAT!*  filter  RESPONSE  COMPUTED?  Na0  Y«l*/) 

REAU(b,10l}  ZZl 
IFILTaZZl 
IJL(20)*1 
WRITE(6«9033) 

9033  FORMAT!'  DARK  CURRENT  ADOED  Y»0  Nil  •/) 

REAO(b,9l}  IJ!13) 

IF!IJ(13),EQ,1)  GOTO  903b 
WRITE  16,9034) 

9034  FORMAT!*  ambient  TEMPERATURE  DEGREES  C »/) 

READ!b,101}  ZZl 
XXZC2b)aZZl  ♦ 273, 

WR1TE!S,903S)  ZZl,XXZ(2b) 

9035  FORMAT!*  ambient  TEMPERATURE  IC)  'jFlO.A,*  !K)  »,FlC,4/) 
WRlTEIb#1701) 

1701  FORMAT!*  DO  YOU  WANT  TO  HOLD  THE  SIGNAL  FOR  ANY  */ 

2 ' OF  TIME  Y*0  NBl  »/) 

RCA0!b,91}  IJL!20) 

1F(IJL!20),EQ.1)  goto  903b 
WRITEI6,1702) 

1702  FORMAT!'  TiMEIStC)  LEFT  IN  DELAY  LINE  */) 

RtAOfb,101)  XXZ(21) 

HRlTECb, 1703) 

U03  FORMAT!*  FREQUENCY  CLOCK  SIGNAL  OUT  AT  */) 

READCb.lPll  XX7C??) 

*KlTtC5,1704)  xxZ!a),xxzl2i),xxz(22) 

1704  FORMAT!*  input  sampling  RATE  ‘JPElS.B, 

2 ' time  left  in  DEVlLE  ',lPElb,6, 

3 ' OUTFJT  SAMFUING  RATE  '.IPElj.B/) 


903*  CONTIMUe 

XJC(17)aXJ(12) 

TJLtl«5»!Jn35 

»»*(ITt(6.60Xn 

60X1  FORHATC*  multiple  RUN  Vt*  OP  CHANCES  Nb0  PI0*/} 
REAOCb.IOt)  ZZl 
XJL(19)aZZl 

XP(IJL(19).eO,0)  GOTO  seR0 
HRXTt:(b,*0t2) 

6012  PORMATt'  WHICH  INPUT  IS  TO  BE  CHANCED  *t 

2 * • OP  STAGES*  2aSURP ACE/BURXEO  */ 

3 • 3»  AREA  OP  well,  OaSTORAGE  TIME  (SEC)  •/ 

4 * BaCLOCK  PREUUENC Y , 6a AMbl ENT  TtHPERATURE  ‘/PJ 
ReAn(6,91}  IJL(22} 

KalJL(19) 

DO  6019  Xai,K 
WRITE(6,6013)  X 

6013  POHHATC*  XNPijT  THE  ',16,'  VALUE  '/) 

REAOC6,101}  RR(X) 

6019  CONTINUE 

WRITE(S,601S}  (X,RRCX),Ial,K) 

6015  PORMATt*  multiple  RUNS  ' //7  ( 1 X , 12, 2X , IPt 15.8) ) 
WRITE(6,6717) 

8717  PORMATt'  second  VARIABLE  CHANCING  Ya«  Na0  '/) 

REA0t6,91]  XRWtl) 

XPtlRwtl),EO,0)  GOTO  8000 
wRITEt6,6012) 

REA0t6,91)  XRW(2) 

KalRNtl) 

00  4718  Xal,K 
wRITEt6,6013)  I 
REAOt6,101}  HOW(l) 

8718  CONTINUE 

WRITEt3,6015)  tX,ROWtI) ,lal.K) 

8000  WRITEt6,8001) 

8001  PORMATt'  RUN  WITH  NOISE  Ya0  Nal  */) 

RtAUt6,91}  XJ13) 

XJLt8)alJ(3) 

XA t(IJti).LT.0).OR.tXJt3},CT.i))  GOTO  8000 
XPtXJ(3},EQ,l)  RETURN 

Kai0 

00  9000  IaS,ll 
IJtX)ae 
lJL(K)a0 
KaK  * 1 

9000  CONTINUE 

WRITEt6,O003) 

8003  PORMATt'  SELECT  THE  PARTICULAR  NOISE  INPUTS  Na0,Yal»/) 
READtN.Rll  IJt5) 

IJL(10)*IJ(5) 

IP  (IJ tS) ,EQ,0)  return 
wRlTEt6,8004) 

8004  PORMuTt'  ADO  IN  input  NOISE  Ya0  Nal  '/) 

RtADt6,91)  IJt6) 

WRITEt6,0005) 

8305  PORMATt'  *00  IN  THE  SHOT  NOISE  Ya0  Nal'/) 

RCA0t6,91)  IJt7) 

WRITE(6,3006) 

8306  PORMATt'  AOO  IN  TmE  TRANSPEK  NOISE  Ya0  Nal'/) 
REAOfN.Rl)  IJ(«) 

WRITEtb,a007) 

.*00  ] THF.  CUTPUT  “.r'lst  Ye(‘  Nsl'/) 

REAOtbjVl)  IJ19J 
uPTTF  tP,.  A.^0A) 

PORMATt'  ADD  IN  TMt  PILTER  NOISE  Van  n»i»/1 

B35 


ReA0(b,9n  ijcie) 

MHlT£(6iedia9} 

aae9  ?ohmat(»  ado  in  INTtR^ACE  noise  ♦/) 

ReA0(S,9l)  IJ(ll) 

K»U 

DO  S7  la6,n 
IJL(K)alJ(I} 

KaR  ♦ \ 

97  CONTINUE 

RETURN 

END 


r ^ 

t c* 

i Ca  CCD19.PTN 

Ca 

Ca 

Ca  COMPUTES  CTI  FOR  SURFACE  AND  BURIED  DEVICES 

Ca 

Ca  02/22/77 

Ca 

Ca 

SUBROUTINE  CTI (ZUi ZPENCf X J) 
integer  1J(5) 
real  ZL(2B) 

XaZLCS) 

[ IFtlJin.EQ.l)  GOTO  100 

IFtX.GT.a.J  GOTO  I 

I ZPERCaS.SE'A 

I RETURN 

1 IFCX.GT.S.)  GOTO  2 

f ZP£RCa-2,7E-4*X  a l,4E-3 

RETURN 

2 IF(X.GT.10.)  GOTO  5 

ZP2»Ca-l,E-5ax  a 1.4Ea« 

RETURN 

J ZPtRCa3,9t»5 

RETURN 

100  IF(X.GT.4.)  GOTO  101 

1 ZPERCa-l,bE-5a*  a l,lE-4 

i return 

t 101  IF  (X.CT.13.51  goto  102 

I ZPERCa. 2, u*baX  a S,SE>5 

I RETURN 

[ 102  ZPERCa2,aEaS 

! RETURN 

[ END 


ceosi.fTM 


c* 

c* 


\ 


c* 

e* 

c* 

e* 

c* 


i 

I 


i 


1000 


2000 


SUBROUTlNe  REPEAT 
REAL  A(3) 

COHPOR  /aiNSTR/XX(30) >IJ(30T 
COMMON  /RANO/Rl (4) iRRCk) 

COMMON  /PA9S/9T*O(20)»ISTAO(20),IVAR,lVARl|ROMt7)»IKN(4) 
data  A/aMTCMR,4M02.D|4HAT00/ 

CALL  9ETFILt2»A,lER2,»OR*,0) 

DEFINE  FILE  2 (S0» 64, U« X VAR) 

1F(IJ(21),GT.XJ(1R))  GOTO  1000 
A*IJ(22) 

KKb1J(21) 

CALL  FINDeR(RR,Y,K,AK) 

XF((lJ(21},tQ.i},AND.(IRW(3}.EQ.0})  ROm(7)«V 
RETURN 

continue 

IRW(3}aIRW(S)  * 1 
XF(IRW(3).GT.XRW(1))  GOTO  2000 
KbXRW(2) 

KK«IRW13) 

CALL  FINOERtROW,Y,K,KK) 

K>IJ(22) 

RK«7 

XJC21)a0 

CALL  FXNDER(ROW,Y,K,KK) 

RETURN 

CONTINUE 

IJCT)R«10000 

RETURN 

ENO 


\ \ 

! MISSION  5 

‘ 0/  S 

5 Rome  Air  Development  Center  J 


RADC  plans  and  conducts  research,  exploratory  and  advanced 
development  programs  in  command,  control,  and  coamunications 
(C^)  activities,  and  in  the  areas  of  information  sciences 
and  intellig&ice.  The  principal  technical  mission  areas 
are  communications , electromagnetic  guidance  and  control, 
surveillance  of  ground  and  aerospace  objects,  intelligence 
data  collection  and  Immdling,  information  system  technology, 
ionospheric  propagation,  solid  state  sciences,  micromave 
physics  and  electronic  reliability,  maintainability  and 
compatibility. 


